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Os erros de tradução do mRNA resultam na incorporação errada de 
aminoácidos nas proteínas, levando à produção de um proteoma estatístico. 
Verificou-se anteriormente que o erro de tradução é por norma prejudicial em 
condições de crescimento padrão, em diferentes organismos modelo. Na 
levedura, a indução da incorporação errada de aminoácidos nas proteínas 
causa um conjunto variado de fenótipos, incluindo perturbação da função 
mitocondrial, stress oxidativo e proteotóxico, danos no ADN, desregulação do 
transcriptoma, entre outros. Por si só, o aumento do stress proteotóxico 
provoca alterações no metabolismo dos lípidos. Em concordância, o aumento 
da incorporação errada de aminoácidos desregula a expressão de genes 
ligados a este mesmo metabolismo. Foi já estabelecida a ligação entre os 
erros de tradução e doenças relacionadas com lípidos como, por exemplo, a 
síndroma de Barth. No entanto, noutros casos, os mecanismos celulares 
afetados estão ainda por clarificar. Especificamente no nosso modelo o 
impacto do erro de tradução no lipidoma ainda não é conhecido e a existência 
de perfis lipídicos alterados não foi ainda comprovada experimentalmente. De 
modo a esclarecer esta questão, um gene recombinante de um tRNA de serina 
foi expresso em Saccharomyces cerevisiae. O anticodão deste gene 
reconhece codões de alanina ou glicina, inserindo serina nas proteínas em 
locais onde originalmente estariam alanina e glicina. Os extratos lipídicos 
celulares foram analisados usando uma abordagem lipidómica, tendo-se 
observado a alteração nos perfis de ácidos gordos e espécies de fosfolípidos e 
triacilglicerol. Adicionalmente, repetiu-se a abordagem em extratos lipídicos de 
mitocôndrias purificadas e os resultados obtidos mostraram alterações dos 
perfis de fosfolípidos. O passo seguinte consistiu em aprofundar o novo 
conhecimento com estudos funcionais e moleculares. Estas estirpes não 
revelaram um aumento dos níveis de oxidação, mas houve indicação da 
ocorrência de alterações no processo de dessaturação de ácidos gordos. Os 
parâmetros relacionados com a função mitocondrial também foram testados e 
revelaram-se alterados. Por fim, com o objetivo de perceber possíveis 
adaptações ao nível do genoma e, em particular, em genes relacionados com 
o metabolismo lipídico, as estirpes foram evoluídas no laboratório até cerca de 
250 gerações, e os seus genomas foram sequenciados. Os dados mostram 
que a incorporação de serina em locais de alanina ou glicina, a nível do 




























Erroneous mRNA translation (mistranslation) originates a statistical proteome. 
Previous studies in different model organisms proved that mistranslation is 
generally deleterious in standard growth conditions. Particularly in yeast, 
different types of amino acid misincorporation cause phenotypic diversity, 
including mitochondrial dysfunction, proteotoxic and oxidative stress, DNA 
damage, transcriptome deregulation, among others. Proteotoxic stress alone is 
known to trigger alterations in lipid metabolism. In agreement with these 
observations, the induction of amino acid misincorporation deregulates lipid 
metabolism-related genes. The link between mistranslation and lipid-related 
diseases has been also established, namely in the well-known Barth syndrome. 
However, the cellular processes affected in the case of several other diseases 
are still unclear. In this thesis, we attempted to elucidate the effects of mRNA 
mistranslation on the lipidome and showed the occurrence of altered lipid 
profiles. We expressed a recombinant seryl-tRNA gene in Saccharomyces 
cerevisiae in order to induce mistranslation. The anticodon of this tRNA was 
mutated to recognize alanine or glycine codons, and hence introduce serine at 
protein sites that normally correspond to alanine or glycine. Total lipid extracts 
analysed using a lipidomics approach revealed altered fatty acid, phospholipid 
and triacylglycerol species profiles. The same methods were used to analyse 
purified mitochondria. In this case, only the profiles of phospholipid species 
were altered. Functional and molecular studies, showed no evidence of 
increased oxidative stress; there were alterations in OLE1 expression, the gene 
that codes for a fatty acid desaturase. Mitochondrial function-related 
parameters were also tested and were altered. Finally, we sought to 
understand whether mRNA mistranslation impacted the genome, and in 
particular, we searched for mutations in lipid metabolism-related genes. For 
this, we evolved our strains for 250 generations and sequenced their genomes. 
Overall, the data show that serine misincorporation at alanine and glycine sites 
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The last two decades have been fairly prolific in studies involving protein mistranslation. 
Our comprehension of the phenomenon has evolved in a way that mistranslation is no 
longer regarded as solely deleterious but also as an adaptive mechanism. The main goal 
of this work was to study the impact of mRNA mistranslation on the lipidome. Budding yeast 
strains were constructed to ambiguously translate GCA (alanine) and GGA (glycine) codons 
as serine. Phenotypes were screened using a lipidomics approach, first at a global level, 
and then in isolated mitochondria. The specific questions addressed here were: 
1. How and why do the lipid profiles vary in a mistranslating eukaryotic cell? 
2. Are mitochondrial phospholipid profiles affected in a mistranslating cell? Can 
alterations in phospholipid profiles affect mitochondrial function? 
3. Will a mistranslating cell change its genome in time in order to adapt to 
mistranslation and specifically, will it alter lipid-related genes? 
 
Outline 
The thesis is divided in five chapters. 
Chapter 1 is an introduction to the studied themes and is subdivided in two sections. The 
first section describes the link between nucleotides and amino acids. Protein synthesis is 
described briefly, and mistranslation mechanisms are addressed, and include examples of 
phenotypes. The second section explains yeast lipid metabolism, from synthesis to 
degradation. Then, lipid function is briefly addressed, and finally, lipid-related diseases are 
listed. 
Chapter 2 describes the effects of the induction of mRNA mistranslation on lipid 
homeostasis at a global level. 
Chapter 3 focuses on mitochondrial function and phospholipid profile adaptation under 
the influence of the same globally induced mistranslation. 
Chapters 2 and 3 were written according to a scientific manuscript model and it is our 
intention to submit them to peer-reviewed journals. 
Chapter 4 is comprised of the genome sequencing data of the constructed strains after 
an evolution experiment. 
Chapter 5 comprehends the integration of data obtained in chapters 2, 3 and 4, and 

























1.1 From genes to proteins 
 
1.1.1 The genetic code 
 
When the genetic code was revealed it was thought to be common to all, or almost all 
species (Crick, 1958). This standard genetic code has 64 codons, of which 61 code for the 
20 ‘standard’ amino acids, and the remaining 3 codons are used for translation termination 
(Figure 1-1, A). The organization of the genetic code contributes to translation accuracy 
and its degeneracy determines that each amino acid can be decoded by two or more 
codons – called synonymous codons –, with the exception of Trp and Met. In general, most 
synonymous codons have a conserved ribonucleotide at the second position of the triplet. 
Furthermore, similar codons are assigned to chemically similar amino acids. This display 
of triplets helps preventing the incorporation of dissimilar amino acids into proteins. Hence, 
a near cognate amino acid can be misincorporated, but a non-cognate one rarely is. 
It is now clear that the genetic code is flexible and goes beyond the originally identified 
standard code (Figure 1-1, B). Codon usage bias (1), reassignments (2), ambiguous 
decoding (3) and even recoding (4) have been observed in different phylogenetic domains 
(reviewed by Ling et al., 2015). Briefly, (1) synonymous codons are used at different 
frequencies in each organism and help to optimize translation in specific conditions. (2) In 
some species, the mitochondrial or even the nuclear genetic codes do not follow standard 
rules. Codon reassignments include sense-to-stop, stop-to-sense and sense-to-sense 
changes. The second and third types of changes also require tRNA and/or aaRS evolution. 
(3) Ambiguous decoding results from recognition of a tRNA by more than one aaRS, tRNA 
misacylation, or ribosomal decoding errors. Evidence suggests that cells induce 
ambiguous decoding in order to adapt to specific environments (Bezerra et al., 2013; Fan 
et al., 2015; Miranda et al., 2007; Santos et al., 1996, 1999; Simões et al., 2016). (4) 
Recoding of the stop codons UGA and UAG allows the synthesis of two extra amino acids, 
selenocysteine and pyrrolysine, respectively (Allmang et al., 2009; Hao et al., 2002; 












Figure 1- 1: The standard genetic code and examples of variant code. A, The standard genetic 
code contains 64 codons of which 61 code for 20 different amino acids and 3 are stop codons. 
Depicted are three examples of the genetic code flexibility. B, Codon reassignment occurs in the 
mitochondria of Saccharomyces spp. where the tRNALeuUAG was lost and a new tRNAThrCAU evolved 
from tRNAHis; Candida albicans’ tRNACAG is recognized by both LeuRS and SerRS, leading to 
ambiguous decoding; UGA codons with a nearby selenocysteine (Sec) insertion sequence (SECIS) 
element are recoded to Sec, a novel amino acid. Figure B was adapted from (Ling et al., 2015). 
 
1.1.2 Transfer RNA 
 
Crick postulated an adaptor hypothesis, which stated that adaptor molecules would 
possibly link nucleotides to amino acids (Crick, 1958). Transfer RNAs (tRNA) were later 




Structurally, they resemble a cloverleaf (2D) and their tertiary structure is L-shaped 
(figure 1-2). The cloverleaf shape forms due to base pairing and consists of the acceptor 
stem, to which the corresponding amino acid binds, and three stem loops: the D loop, the 
anticodon loop and the T loop. An extra variable loop located between the anticodon and 
the T loops can also be found in some tRNAs. Regarding the tertiary structure, the anticodon 
is located on the first major domain of the L-shape, while on the second domain the 







Figure 1 - 2 The structure and domains of tRNA. The cloverleaf secondary structure (right) is color 
coded to identify the structural domains of the crystal structure: aminoacyl-stem (AA) in red; 
dihydrouridine stem and loop domain (DSL) in black; anticodon stem and loop domain (ASL) in green; 
variable or extra loop (EL) in orange; and the ribothymidine stem and loop (TSL) in light blue. The 
positions of the (almost) invariant U33 and the amino acid accepting 3’-terminus (C74, C75 and A76) 
are shown. The 3D structure (left) represents the crystallographic structure of yeast tRNAPhe. 




In eukaryotes, post-transcriptional processing of tRNAs is required to allow fine tuning of 
their structure and identity (Hopper, 2013). Part of the processing involves modification of 
ribonucleotides in specific positions (Agris, 2008; Yacoubi, 2012). Almost 100 modifications 
concerning tRNAs are known and of those at least 50 belong to the Eukarya domain (RNA 
modification database http://mods.rna.albany.edu/, (Cantara et al., 2011)). These 
modifications contribute to the stability and recognition of the tRNA, and tend to be 
conserved within phylogenetic domains. In particular, they contribute to tRNA folding, Mg2+ 
binding, protein recognition, codon recognition and fidelity of the translational reading frame 
(Agris, 2008). The majority of modified residues are found in the anticodon loop, at positions 
34 and 37. The first allows certain tRNA anticodons to recognize more than one cognate 
codon and simultaneously contribute to maintain translation fidelity. This feature, called 
wobble interaction, was actually predicted by Crick who suggested that ribonucleotides 
could be displaced and form a non-Watson-Crick base pair (Crick, 1966). The second, 





Besides ribonucleoside modifications, transfer RNAs are subjected to splicing and 
trimming of 5’ and 3’ leader sequences by specific RNAses. Additionally, eukaryotic tRNA 
genes do not encode the 3’CCA tail, which is added enzymatically (Hopper, 2013; Nakanishi 




tRNA isoacceptor families are recognized by a cognate aminoacyl-tRNA synthetase 
(aaRS). tRNAs have identity elements which can either promote interaction (determinants) 
or prevent aminoacylation by non-cognate aaRSs (antideterminants). These elements are 
found in several regions of tRNAs. Common determinants across species are the 
discriminator base (position 73), the acceptor stem pairs 1:72, 2:71 and 3:70, and the 
anticodon loop (Giege et al., 1998; Mcclain, 1993; Vasil’eva and Moor, 2007). 
 
1.1.2.4 Aminoacyl-tRNA synthetases 
 
Aminoacyl tRNA synthetases’ (aaRSs) main role is to catalyze the esterification reaction 
that links the 3’ end of tRNAs with their cognate amino acid, in the presence of Mg2+. 
Aminoacylation mostly happens in a direct way, according to the following activation (1) and 
transfer (2) reactions: 
 
ATP + amino acid (aa)  aa-AMP + PPi (1) 
aa-AMP + tRNAaa  aa-tRNAaa + AMP (2) 
 
They can be divided in two evolutionary distinct classes according to their chemical and 
general structural features (e.g. different ATP binding), and further allocated into subclasses 
that classify them according to unique mechanistic properties, anticodon-binding domain 
characteristics and organization of conserved structural motifs. The above mentioned 
anticodon-binding domain typically provides added specificity for tRNA interactions with the 
aaRS. However, LeuRS (though not for S. cerevisiae; (Asahara et al., 1993; Vasil’eva and 
Moor, 2007)) SerRS (Dock-Bregeon et al., 1990; Lenhard et al., 1999; Vasil’eva and Moor, 
2007) and AlaRS (Park and Schimmel, 1988; Swairjo et al., 2004; Vasil’eva and Moor, 
2007), do not interact with the anticodon loop of tRNA to identify their cognate isoacceptors. 
This characteristic permitted the construction of the yeast strains used in this thesis. The 




errors, which are discussed below. Details regarding several features of aaRSs will not be 
addressed here and have been recently reviewed elsewhere (Pang et al., 2014). 
 
1.1.3 Protein synthesis in eukaryotes – Translation 
 
DNA transcription originates messenger RNAs (mRNA) that have to be processed (e.g. 
splicing, 5’-m7G capping, 3’-polyA tail addition) in order to render mature, functional mRNAs. 
Maturation is essential as it enables mRNA regulatory mechanisms to occur and protects 
them after translocation to the cytoplasm. The translation machinery consists of cytoplasmic 
ribosomes, tRNAs and translational factors, and is assisted by aaRS. Eukaryotic ribosomes 
are large complexes of proteins and ribosomal RNA (rRNA). Each complete ribosome (40S 
plus 60S) has three tRNA binding sites located in the 40S subunit. These are called 
aminoacyl (A site), peptidyl (P site) and exit (E site) sites. Protein translation can be divided 
in three phases – initiation, elongation and termination – which are followed by ribosome 




The translation initiation in eukaryotes is generally assisted by several initiation factors, 
which interact with each other and originate a stable complex able to bind strongly to the 
mRNA (figure 1-3). Cap-dependent initiation occurs in several steps, of which the first 
consists in the formation of a ternary complex by the assembly of the initiator methionyl-
tRNA (Met-tRNAiMet), the eukaryotic initiation factor 2 (eIF2) and its GTP activator. eIF2 is 
assisted by eIF2B which recycles GDP back to GTP. Then, this complex assembles with 
the small ribosomal subunit (40S), eIF1, 1A, 3 and eIF5, resulting in the 43S pre-initiation 
complex. Once formed, the 43S complex recruits the mRNA and starts scanning the 5’UTR 
region until it locates the start codon. The prevailing recruitment model involves the 
recognition of the 5’-m7G cap by eIF4E and specific binding of eIF4G to the mRNA. 
Together, they anchor the RNA helicase eIF4A to the 5’UTR where it starts unwinding the 
5’UTR structures. eIF4B, the eIF4A stimulator, also binds; yeasts also require the Ded1 
helicase. At the 3’ UTR, polyA-binding proteins (PABP) associate with the polyA tail and 
help mRNA circularization by interacting with eIF4G (Tarun  Jr. and Sachs, 1996). Only 
then, the binding of the 43S complex occurs. After circularization, the 43S complex scans 
the 5’UTR until it finds the context sequence indicating the AUG start codon. Then, eIF1 
dissociates which prompts Pi release from eIF2, and repositioning of the tRNAi. The factors 




43S complex. Only then eIF5B-GDP and eIF1A are released. 
It must be mentioned that there are still many mechanistic details to be elucidated 
regarding the order of ligation of each particle, the interaction between factors and their 
roles in each step. Thorough reviews of translation initiation have been written recently, 
which highlight the mechanistic possibilities and known differences between species (Aitken 













Figure 1 - 3: Scheme of eukaryotic translation initiation. (previous page) The binding of factors 
is depicted both as a single step via the multifactor complex and as two separate steps with eIFs 1, 
1A, and 3 binding first followed by binding of ternary complex and eIF5. The resulting 43S pre-
initiation complex is then loaded onto an activated, circularized mRNA. The 48S complex scans the 
5’UTR until the start codon is reached. The 60S subunit joins the 48S complex, and simultaneous 




As the complex identifies the start codon, the anticodon of the tRNA i in the P site base-
pairs with it. The next cognate aa-tRNA will be brought to the A site, where it will pair with 
the second codon of the ORF. This aa-tRNA and the following ones will also be delivered 
in a ternary complex by binding of eEF1A and GTP. The latter triggers GTP hydrolysis, and 
eEF1A-GDP releases the aa-tRNA. Afterward, eEF1A-GDP is recycled by eIF1B. The 
formation of a peptide bond between the incoming amino acid and the peptidyl aa-tRNA is 
carried out by the ribosomal peptidyl transferase center. Then, translocation of the 
deacylated tRNA to the E site occurs, stimulated by GTP hydrolysis of eEF2-GTP, whereas 
the peptidyl-tRNA in the A site moves to the P site. Once a deacylated tRNA is released 
from the E site, a new ternary complex binds to the A site (Dever and Green, 2012) (Figure 
1-4). This process is repeated until a stop signal appears in the A site. In fungi, a third 
essential factor, eEF3, is needed. It is an ATPase and interacts with eEF1A (Kovalchuke et 







Figure 1 - 4: Scheme of translation elongation. The main steps described along the text are 
highlighted: (1) codon recognition, 2) peptidyl transfer and 3) tRNA translocation. Adapted from 




Once a stop signal – UGA, UAG or UAA – enters the A site the release of the peptide is 
initiated. The release factor eRF1 (Sup45p in yeast), with a 3-D structure similar to that of 
a tRNA, recognizes the stop codon and leads to peptidyl-tRNA link hydrolysis. The tRNA 
then translocates to the E site and the eRF1 to the A site. eRF3 is a GTPase that seems to 
stimulate eRF1 and is then released from the complex. Subsequent to peptide hydrolysis, 
the ribosome subunits and eRF1 may be dissociated by the Rli1 (yeast) /ABCE1 (mammals) 
ATPase, in order to allow a new round of translation (recycling) (Young et al., 2015). Once 
the accepted translation model involves mRNA circularization, another possibility is the 
partial dissociation of the ribosome which would allow for re-initiation of translation in the 
same mRNA. The recycling and re-initiation steps are still not well understood in 
eukaryotes. Extensive and detailed descriptions of the probable mechanistic of termination 




1.1.4   Errors: origin and nature 
 
Protein synthesis is error-prone and production of a fully functional protein depends on 
the error amendment capacity (quality control) in different stages. Errors can arise from 
DNA mutations, during transcription and/or splicing, during the translation process or even 
during folding or post-translation modifications (figure 1-5). The error rates are not known 
for all sources but it is estimated that translation is the most error-prone step in protein 
synthesis (Drummond and Wilke, 2009). Only errors occurring during translation are 





Figure 1 - 5: Sources of errors in eukaryotic protein synthesis. Errors in protein synthesis 
comprise the processes that can cause disruption in the conversion of a coding sequence into a 
functional protein: transcription errors, aberrant splicing, translation errors, faulty post-translational 
modifications and kinetic misfolding. Within each process, two or more error origins have been 
identified. Frequencies of post-translational modification errors and misfolding are still unknown. 







1.1.4.1 tRNA aminoacylation errors 
 
These types of errors result in mismatching of tRNA and amino acid, leading to 
misincorporation of the amino acid in the nascent polypeptide (Stansfield et al., 1998). They 
can have three origins:  1) Amino acid misactivation, 2) aaRSs editing failures, and 3) tRNA 
misrecognition by aaRSs. Misactivation has much to do with the fact that some amino acids 
are structurally and chemically similar and therefore aaRSs do not always discriminate them 
(Fersht, 1977; Fersht and Kaethner, 1976). Class I synthetases can deal with wrongly 
attached amino acids before and after its linkage to the tRNA. When the error is recognized 
before linkage, the amino acid is moved to a second catalytic site, where it will end up being 
hydrolyzed (Reynolds et al., 2010). However, if the catalytic domain is inactivated this 
quality control step is eliminated, which can lead to deleterious effects, e.g. as seen for 
AlaRS, IleRS and ValRS (Bacher and Schimmel, 2007; Lee et al., 2006; Nangle et al., 
2006). Finally, misrecognition of tRNAs seems to be rare compared to other mentioned 
errors and has not been extensively addressed in the literature. This might be because 
tRNAs’ structural diversity and the complex network of sequence-specific aaRS-tRNA 
interactions ensure high accuracy (Reynolds et al., 2010). 
 
1.1.4.2 Decoding errors 
 
Erroneous decoding can result in missense, nonsense and frameshifting errors. 
Missense errors result from the insertion of a near-cognate amino acid into the nascent 
polypeptide, due to mispairing of codon-anticodon or use of a misacylated cognate-tRNA. 
The error rate varies with the type and number of amino acid exchanges, is thought to occur 
stochastically, and may be less tolerated when different amino acids are exchanged 
simultaneously (Pouplana et al., 2014). Additionally, tolerance seems to depend on the 
organism and cell type (Bezerra et al., 2013; Lee et al., 2006; Nangle et al., 2006; Ruan et 
al., 2008). In the cases where only one type of amino acid is replaced – as in this thesis –, 
tolerance to error will depend on the mistranslation rate of the error-prone residue and the 
number of times that residue occurs per protein (Pouplana et al., 2014). In this case, the 
error rate can increase up to an astonishing 10%, as seen in E. coli by Ruan and colleagues 
(Ruan et al., 2008). 
Nonsense errors lead to premature termination or extended polypeptide synthesis. The 
first may occur due to recognition of a sense codon by a release factor, or detachment of a 




caused by read-through of stop codons. Again, error rates vary greatly, going up to 10% 
(per codon). Different measurement systems and/or species appear to be determinant 
(Meyerovich et al., 2010; Nierhaus, 2006; Parker, 1989; Pouplana et al., 2014). 
Frameshifting errors alter the reading frame, commonly by +1 or -1 nucleotide 
translocation, and are estimated to originate mostly truncated proteins. Slippage of tRNA is 
thought to be the main cause (Nierhaus, 2006). 
 
1.1.4.3 Examples of mRNA mistranslation 
 
Recent research focusing on mRNA mistranslation has provided new insight into this 
poorly understood phenomena. Many phenotypes caused by different types of amino acid 
mistranslation and varied growth environments have been revealed, some of which are 
described here. Additionally, a huge step was the acknowledgement that mistranslation is 
not always deleterious but is also relevant for survival in different conditions (reviewed by 
Tao Pan (Pan, 2013). 
Regarding yeast cells, random single amino acid mistranslation leads to a varied set of 
cellular responses beyond the expected activation of mechanisms to mitigate proteotoxic 
stress effects. Proteotoxic stress caused by protein aggregation is a direct consequence of 
mistranslation (Costa, 2012; Mateus, 2011; Paredes et al., 2012; Simões et al., 2016). 
Further, mistranslation can cause alterations at the DNA level (binucleation, mutations, 
ploidy) (Bezerra et al., 2013; Mateus, 2011; Simões, 2013) and alterations in cell cycle 
(Mateus, 2011). Curiously, although reduction of protein synthesis is a common response 
to many stresses (Gasch, 2002a), it is not transversal to all mistranslating strains (Mateus, 
2011).  
Most types of misacylation in yeast lead to increased oxidative damage, e.g. ROS 
production (Costa, 2012; Gomes, 2012; Mateus, 2011; Paredes et al., 2012; Simões, 2013), 
and in accordance, transcriptome analyses showed upregulation of the antioxidant 
response genes, e.g. superoxide dismutases and catalases, ubiquinone synthesis-related 
genes, among others (Costa, 2012; Mateus, 2011; Paredes et al., 2012; Simões, 2013). 
Interestingly, gene up-regulation apparently confers growth advantages in media containing 
hydrogen peroxide in some Candida albicans and S. cerevisiae mistranslating strains 
(Bezerra et al., 2013; Mateus, 2011; Santos et al., 1999; Simões, 2013). Despite this, growth 
in the oxidant menadione originated opposite results (Bezerra et al., 2013; Costa, 2012; 
Mateus, 2011). A strain affected negatively by this compound was also unable to grow in 
respiratory media which is in line with previous observations showing that respiratory 




some strains were not respiratory deficient, they all showed deregulation of genes related 
to mitochondrial function, e.g. electron transport chain proteins (Costa, 2012; Mateus, 2011; 
Paredes et al., 2012; Simões, 2013). Therefore, it was not surprising that cardiolipin (CL) 
synthesis pathway genes were altered as this pathway takes place in mitochondria. 
Moreover, genes related to metabolism of mitochondrial and cytoplasmic fatty acids, and 
other phospholipids were also deregulated. Despite this, lipid profiles were never assessed 
in these strains. 
Interestingly, protein oxidation was not significantly increased in a yeast strain 
misincorporating serine at leucine sites (Paredes, 2010), but the opposite occurred in 
zebrafish embryos (Reverendo et al., 2014), suggesting that yeast and higher eukaryotes 
respond to mistranslation differently. Moreover, replacement of alanine by serine in mice 
due to a faulty alanyl-tRNA synthetase, in which the editing domain was inactivated, 
affected mice growth and accelerated the loss of Purkinje cells by apoptosis, which led to 
premature death (Lee et al., 2006). Yet, alanine mistranslation in S. cerevisiae, is less 
detrimental (Mateus, 2011). In the mice case, and as pointed by the authors, cells are not 
actively dividing and protein aggregates do not dilute to daughter cells. Hence, mice are 
likely more susceptible to translational errors than yeast. The misactivation of threonine by 
ValRS in a mammalian cell line was also verified to be quite damaging, since it decreased 
cell viability and induced apoptosis (Nangle et al., 2006). 
Therefore, the observations made so far revealed a plethora of phenotypes. Different 
strains, mistranslation systems and organisms do not respond equally and thus phenotypes 
may vary. Finally, mistranslation in standard growth conditions is detrimental, though in 







1.2   Yeast lipids 
 
1.2.1 Structure and composition of lipids 
 
Lipids are heterogeneous biomolecules regarding structure and function. They are 
classified in eight categories (Fahy et al., 2011): fatty acids (FA), glycerolipids, 
glycerophospholipids (referred to as phospholipids, PL), sterols (STE) and sterol 
derivatives, sphingolipids (SP), prenol lipids, glycolipids, and polyketides (not present in S. 
cerevisiae). Like other eukaryotes, S. cerevisiae has an abundant level of the FA C16 and 
C18, but specific C26 acyl chains, C14 and C12 are more abundant than in higher 
eukaryotes. A curious characteristic of this eukaryote is that it only produces 
monounsaturated FA (MUFA). FA are mostly esterified to other lipids, such as triglycerides 
(TG), PL and SP. The major PL classes found in this species are phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylinositol (PI) and phosphatidylserine (PS). 
Less abundant PL are phosphatidic acid (PA), cardiolipin (CL) and phosphatidylglycerol 
(PG) (figure 1-6). Additionally, they present TG and sterols (STE) as storage lipids (~20% 
of total lipids) and SP quite different from those found in higher eukaryotes, namely inositol-
phospho-ceramides (IPC), mannosyl-IPC (MIPC) and mannosyl-diphosphoinositol-
ceramides (M(IP)2C). Lipid composition is specific to each strain (Daum et al., 1999) and 
hence different values are presented in literature, though they differ little. Moreover, each 
organelle has a characteristic lipid composition (table 1-1, (Klug and Daum, 2014; Meer et 
al., 2008; Tuller et al., 1999)) that appears to be related to function (Antonny et al., 2015; 
Barelli and Antonny, 2016), e.g. FA saturation degree has been linked to triggering of ER 








Table 1 - 1: Example of the PL composition of organelles from S. cerevisiae. PM, plasma 
membrane; ER, endoplasmic reticulum; Mito, mitochondria; Pex, peroxisome; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, 
phosphatidylserine; CL, cardiolipin; PA, phosphatidic acid; others, other phospholipids such as lyso-

















Figure 1 - 6: Structures of the main PL studied in this work. The structures of the PL studied in 
this work are shown. PL present a glycerol and phosphate backbone. Each PL has a typical polar 
head linked to the phosphate group, with the exception of PA and CL. Two fatty acids are esterified 
to the glycerol side. CL is atypical in the sense that it is comprised of two PA connected by glycerol. 
Abbreviations: Rx and R’x, fatty acid chain; PA, phosphatidic acid PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, 
phosphatidylserine; CL, cardiolipin. Designed in (ACD/ChemSketch v2.0, 2015). 
 Mol% of total PL 
Cell fraction PC PE PI PS CL PA others 
Homogenate 51.0 25.0 11.4 5.1 3.7 1.1 2.7 
PM 11.3 24.6 27.2 32.2 nd 3.3 1.4 
ER 38.9 18.6 22.4 6.4 0.3 3.4 10.0 
Mito 33.4 22.7 20.6 3.3 7.2 1.7 10.1 




1.2.2 Lipid metabolism in yeast 
 
Yeasts maintain their lipid profiles by balancing synthetic and degradation pathways and, 
when available, by the uptake of external lipids. Synthetic pathways are intertwined due to 
common precursors. Namely, all PL and triglycerides (TG) in yeast derive from phosphatidic 
acid (PA), meaning that there is a need for a complex and coordinated regulatory network 
(Henry et al., 2012). This section will only focus on the lipid categories studied in this thesis: 
FA, PL and TG. 
 
1.2.2.1 FA synthesis, elongation and desaturation 
 
There are two known distinct pathways for FA de novo synthesis in yeast, the cytosolic 
(cyt) and the mitochondrial (mt) FA synthesis. The first is a type I FA synthase (FAS) system, 
whereas the second is a type II FAS system. The difference is essentially that in type II FAS 
systems the proteins are all expressed as individual polypeptides, each with a specific 
function (Kastaniotis et al., 2016), whereas in type I FAS systems there are one or two large 
polypeptide chains in which all the individual functions are represented by the comprising 
domains (Leibundgut et al., 2008). Yeast cytosolic FAS is composed of Fas1 (β) and Fas2 
(α) subunits organized as a hexameric complex. Cytosolic de novo synthesis initiates with 
the carboxylation of acetyl-CoA by biotin-attached Acc1p, originating malonyl-CoA, which 
will then be used cyclically as a building block by FAS to produce FA up to C18. The mt-FA 
synthesis pathway uses Hfa1p as the acetyl-CoA-carboxylase instead (Hoja et al., 2004) 
and appears to primarily produce a lipoic acid precursor (octanoyl-ACP) (Brody et al., 1997; 
Kastaniotis et al., 2016; Wada et al., 1997).  
Physiologically, mt-FA synthesis is essential for mitochondrial function. S. cerevisiae with 
defective mt-FA synthesis are unable to grow on respiratory media, their mitochondria are 
small, show diminished cytochrome and lipoic acid content, and defective RNA processing 
(reviewed by (Hiltunen et al., 2009, 2010). Interestingly, this latter phenotype established a 
still unclear connection between mt-FA synthesis and (t)RNA processing: Briefly, the 
deletion of type II FAS enzymes leads to the accumulation of RNAse P RNA (RPM1)-
tRNAPro precursor RNA, meaning that its 5’ end is not cleaved by RNAse P and, thus a 
functional tRNA is not available. The discovery in mammals of a bicistronic mRNA coding 
for an enzyme (Htd2p) of the type II FAS system and a subunit (RPP14) of the RNAse P 
may indicate that there is co-transcriptional regulation. 




Elo1p catalyzes the elongation of C12-C16 fatty acyl-CoAs to C16-C18 FA (LCFA) (Toke 
and Martin, 1996). The synthesis of very-long chain fatty acids (VLCFA, ≥C22) involves an 
elongase complex comprised of the elongases Elo2p and Elo3p (Oh et al., 1997). 
Desaturation in yeast is a simpler process than in higher eukaryotes because, as 
mentioned before, they only produce MUFA and only one enzyme is known to be 
responsible for introducing the double bonds, the Δ9-desaturase Ole1p. This enzyme is 
thus essential, contributing to membrane adaptation to different stimuli – e.g. carbon source, 
temperature, exogenous FA supplementation, metal ions and oxygen levels (Martin et al., 
2007). Particularly, desaturation and ER stress are tightly bound: Ole1p is an ER membrane 
protein, hence affected by its composition. The regulation of Ole1p occurs at the 
transcription level and is accomplished by the transcription factors Spt23p and Mga2p 
(Zhang et al., 1997, 1999). These are ER bound proteins that undergo ubiquitination and 
proteolytic cleavage in order to release an activated form and these sequential processes 
appear to be sensitive to changes in ER membrane saturation (Hoppe et al., 2000). 
Moreover, MGA2 expression is upregulated by the UPR (Travers et al., 2000). To further 
stress the physiological importance of desaturation there is evidence that: 1) each organelle 
presents a specific membrane saturation level and there is a gradual enrichment of 
saturated PL species along the organelles of the secretory pathway (ER > Golgi > plasma 
membrane) (Schneiter et al., 1999); 2) Lipid distribution is uneven in some specialized, 
sectioned cells: The saturation levels and type of PC species in cultured neurons varies 
according to localization – close to the body/juxta or along the axon. Biologically, the 
distribution may be related to signaling cascades or to bilayer elasticity changes in order to 
affect membrane protein function (Yang et al., 2012). Also in monkey sperm cells, there is 
a difference between lipid composition of heads and tails. The latter presented greater 
number of double bonds which was suggested to be necessary for motility (Connor et al., 
1998). 
 
1.2.2.2 PL and TG synthesis 
 
All major PL in S. cerevisiae are derived from PA, which is partitioned between CDP-
diacylglycerol (CDP-DG) and diacylglycerol (DG), as shown in figure 1-7. The CDP-DG 
pathway originates several PL classes and is divided in three branches, reviewed by (Henry 
et al., 2012; Klug and Daum, 2014), as indicated below: 
a. The CDP-DG molecule can be used by the PI synthase Pis1p, which combines it with 




Golgi and vacuoles, and PI-4-P by Lsb6p, Pik1p or Stt4p, all in different locations. PI-
3-P may be further phosphorylated to PI-3,5-P2 by the kinase Fab1p while PI-4P may 
be phosphorylated to PI-4,5-P2 by the kinase Mss4p. Additionally, PI is used as a 
precursor in the synthesis of complex SP, a matter not addressed here. 
b. In mitochondria, the PG-phosphate (PGP) synthase Pgs1p can use it in combination 
with glycerol-3-P to form PGP, which will then be converted into PG through the 
removal of the phosphate group by the phosphatase Gep1p. PG is then converted to 
CL by CL synthase Crd1p and the latter PL can be further remodeled by Taz1p (see 
below). 
c. The third branch involves the PS synthase Cho1p which combines CDP-DG with 
serine to form PS. Then, PE is formed through decarboxylation by Psd1p in the inner 
mitochondrial membrane or Psd2p, associated with the Golgi and vacuoles. In the 
ER, PE can then be converted into PC, through consecutive methylation reactions 
performed by Cho2p and Opi3p, a PE methyltransferase and a PL methyltransferase, 
respectively. 
PC and PE can also derive from the Kennedy pathway, reviewed by (Henry et al., 2012; 
Klug and Daum, 2014). In this case, exogenous ethanolamine (Etn) and exogenous or PL-
derived choline (Cho) are used as substrates and phosphorylated in the cytosol by the 
kinases Eki1p and Cki1p, respectively. They are then converted to CDP-Etn and CDP-Cho 
by the cytidylyltransferases Ect1p and Pct1p, respectively. Finally, the phosphotransferases 
Ept1p and Cpt1p form PE and PC. 
TG synthesis, reviewed by (Athenstaedt and Daum, 2006; Kohlwein, 2010), primarily 
starts with the cleavage of PA into DG by the phosphatidate phosphatase Pah1p (Han et 
al., 2006). Then, DG is acylated by two DG acyltransferases, Dga1p and Lro1p (Oelkers et 
al., 2002; Sorger and Daum, 2002), in the ER. Depicted in figure 1-7 are also the ER-
localized enzymes Are1p and Are2p, two sterol acyltransferases, both of which do not 
significantly contribute to TG synthesis (Petschnigg et al., 2009; Sandager et al., 2002; 






Figure 1 - 7: Pathways for the synthesis of glycerolipids and their subcellular localization. PL 
and TG share DG and PA as common precursors. In the de novo synthesis of PL, PA serves as the 
immediate precursor of CDP-DG, which is the precursor of PI, PG, and PS. PS is decarboxylated to 
form PE, which is sequentially methylated, resulting in PC. PA also serves as a precursor for PGP, 
PG, and ultimately CL, which undergoes acyl-chain remodeling. Alternatively, PA is 
dephosphorylated, producing DG, which serves as the precursor of PE and PC in the Kennedy 
pathway. DG also serves as the precursor for TG and can be phosphorylated, regenerating PA. The 
names of the enzymes are shown adjacent to the arrows of the metabolic conversions in which they 
are involved. Lipids and intermediates are boxed, with the most abundant lipid classes boxed in 
boldface type. Enzyme names are indicated in boldface type. Abbreviations: CDP-DG, CDP-
diacylglycerol; MAG, monoacylglycerol; Gro, glycerol; DHAP, dihydroxyacetone phosphate, PGP, 
phosphatidylglycerol phosphate; CL*, precursor cardiolipin; MLCL, monolyso-cardiolipin; PMME, 
phosphatidylmonomethylethanolamine; PDME, phosphatidyl-dimethylethanolamine; FFA, free FA; 
Cho, choline, Etn, ethanolamine, Ins, inositol; CDP-Cho, CDP-choline; CDP-Etn, CDP-ethanolamine; 
PI-3-P, PI-3-phosphate; PI-4-P, PI-4-phosphate; PI-4,5-P2, PI-4,5-bisphosphate; PI-3,5-P2, PI-3,5-
bisphosphate. Nucl, nucleus; ER, endoplasmic reticulum; Mito, mitochondria; LD, lipid droplets; 
G/E/V, Golgi, endosomes, vacuole; Pex, peroxisomes; Cyt, cytoplasm; PM, plasma membrane. 





1.2.2.3  PL remodeling 
 
Remodeling or maturation can be defined as the process occurring after PL synthesis – 
not necessarily immediately – in which either one or both acyl chains of a PL molecule are 
exchanged. Deacylation and reacylation are the two cyclic steps of this process, first 
described in a study by Lands who used LPC (Lands, 1960). Thus, the process is also 
referred to as Lands’ cycle. Lands proposed that remodeling aimed at the adaptation of the 
PC species profile so the cells could modulate thickness and fluidity of their membranes 
(Lands, 1965). Currently, this is broadly accepted for all remodeled eukaryotic PL 
(Yamashita et al., 2014). 
In yeast, only the enzymes involved in CL remodeling have been thoroughly identified 
and characterized. CL is deacylated by Cld1p on the matrix-facing leaflet of the IM, forming 
monolyso-CL (MLCL). Then, the acyltransferase Taz1p, present in both inner and outer 
membranes (IM, OM), reacylates MLCL thus regenerating CL. The mechanisms by which 
MLCL is relocated to intermembrane space-facing leaflet of both IM and OM is still unknown. 
After multiple rounds of deacylation/reacylation CL is distributed on both leaflets of the IM 
and OM (reviewed by (Baile et al., 2014a)). 
There is also a fair share of data confirming the occurrence of remodeling of PC species. 
It was demonstrated that one SFA replaced the sn-1 MUFA in newly synthesized PC 
species, originating PC (32:1) and (34:1) in amounts typical of wild-type (Boumann et al., 
2006). In a different approach, exogenously supplied di-octanoyl PC also showed 
preferential substitution at the sn-1 position in the case of C16:0 (Kishino et al., 2014; 
Tanaka et al., 2008), though C16:1 did not (Tanaka et al., 2008). The same theory was 
used for PE with diC10PE, but in this case the first replaced chain seemed to be the sn-2 
(Deng et al., 2010). The enzyme Ale1p has been implicated in PC and PE remodeling (Chen 
et al., 2007; Deng et al., 2010; Riekhof et al., 2007); Plb1p appears to also play a role in PC 
remodeling (De Smet et al., 2013). PI remodeling also occurs through at least Psi1p, an 
enzyme that adds C18:0 to the sn-1 position (Le Guédard et al., 2009). The identity of the 
enzymes involved in the remodeling of these and other PL remains largely unknown. 
However, if one considers the many known mammalian remodeling enzymes (Yamashita 
et al., 2014) and the diversity of PL, it can be predicted that more yeast enzymes will be 






1.2.2.4 PL and TG degradation 
 
PL and TG hydrolyses occur coordinately depending on the needs of the cells, as 
mentioned above. TG and steryl esters (SE), both present in lipid droplets (LD), are 
mobilized during the logarithmic phase because as cells are actively dividing they need to 
use them as energy sources, namely to satisfy the need for FA since de novo FA synthesis 
appears not to be sufficient (Kohlwein, 2010). In contrast, most PL increase in quantity. At 
post-diauxic shift there is a trend change, and TG and SE content increases back to the 
original value and stabilizes as cells reach stationary phase (Casanovas et al., 2015). 
PL hydrolysis involves phospholipases and lipid phosphatases. These enzymes can also 
act together with acyltransferases, meaning that they can participate in PL remodeling (see 
above). Phospholipases can be classified in 4 categories (A, B, C, D) according to the 
position hydrolyzed on the phospholipid backbone: Phospholipases A1 and A2 hydrolyze 
the acyl chain on the sn-1 and sn-2 position of PL, respectively; phospholipase B cleaves 
both acyl chains from sn-1 and sn-2 positions, preventing the accumulation of lyso-PL; 
phospholipase C cleaves the phosphodiester bond on the glycerol side; and phospholipase 
D cleaves the polar or distal side of the phosphodiester bond. Finally, most of the known 
yeast lipid phosphatases hydrolyze the various phosphate esters on the inositol sugar 




Figure 1 - 8: Sites of hydrolase activity in 1-steroyl,2-arachidonoyl-phosphatidylinositol-
3’,4’,5’-triphosphate (PIP3). The PL 1-steroyl,2-arachidonoyl-phosphatidylinositol-3’,4’,5’-
triphosphate (PIP3) is used to exemplify possible cleavage sites of phospholipases and lipid 
phosphatases. PLA1, phospholipase A1; PLA2, phospholipase A2; PLC, phospholipase C; PLD, 
phospholipase D; PAP/LPP, phosphatidic acid phosphatase/lipid phosphate phosphatase; PIPx 





S. cerevisiae has 19 described phospholipases and phosphatases, as summarized in 
table 1-2. This is a small number considering the diversity of PL, suggesting that new 
enzymes will be identified in the future. 
 
Table 1 - 2: PL hydrolysis enzymes of S. cerevisiae. Gene standard names, the type of hydrolase 
(phospholipase A, B, C, D, or lipid phosphatase), the known location(s) of each enzyme, and their 
PL substrates are shown. Abbreviations: cyt, cytoplasm; Cho, choline; ER, endoplasmic reticulum; 
Etn, Ethanolamine; Gro, glycerol; LD, lipid droplet; mito, mitochondria; nuc, nuclei; Ph, phosphatase; 
PM, plasma membrane; vac, vacuole; ves, vesicle. *at optimum pH, in vitro (Merkel et al., 2005). 
†yeastgenome.org; (Henry et al., 2012). ‡(Yadav and Rajasekharan, 2016). 
 
Gene Type Location† Substrate 
CLD1 A2 mito CL 
DDL1‡ A1 mito CL, PE, PG 
FIG4 Ph vac, nuc.periph. PI-3,5-P2 
FMP30 B mito N-acyl PE 
INP51 Ph cyt PI-4,5-P2 
INP52 Ph cyt Any PIPx 
INP53 Ph cyt Any PIPx 
INP54 Ph ER PI-4,5-P2 
LPL1 B LD PL and LPL 
LPP1 Ph Golgi PA, LPA, Non-PL 
PGC1 C mito PG 
PHM8 Ph cyt, nuc LPA 
PLB1 B PM, PpS, ER, ves PS>PI>PC>PE* 
PLB2 B PM, ER, ves PS>PI>PC>PE* 
PLB3 B PM, cyt, ves, vac PI>PS 
PLC1 C cyt, nucl PI 4,5-P2 
SAC1 Ph ER, Golgi, Vac PI-3-P, PI-4-P, PI-3,5-P2 
SPO14 D cyt PC 




TG hydrolysis is catalyzed inside LD by the lipases Tgl1p, Tgl3p, Tgl4p, Tgl5p (figure 1-
7). The main substrate of Tgl3p, Tgl4p and Tgl5p is indeed TG and each present different 
FA chain length preference (Athenstaedt and Daum, 2005). Yet, it was demonstrated that 
they accumulate other functions, namely PL remodeling (Rajakumari and Daum, 2010a, 
2010b), which further stresses the connections and interdependence within lipid 




less to TG hydrolysis (Jandrositz et al., 2005). Tgl3p is also responsible for the second step, 
which is the hydrolysis of DG to monoacylglycerol (MG). Finally, the MG lipase Yju3p 
converts MG to glycerol and free fatty acid (FFA) (Heier et al., 2010), and both products are 
relocalized to the cytoplasm and recycled. 
 
1.2.3 Lipid function 
 
Lipids play important roles in signaling cascades, namely in inflammatory processes, as 
described below. Therefore, function assessment has been directly studied in higher 
eukaryotes, contrasting with the determination of mechanisms, to which the budding yeast 
has greatly contributed. Only FA and PL will be addressed in this section, since they are 
the major subject of study in the results section. 
FA can regulate transcription and are precursors of signaling molecules, i.e. arachidonic 
acid is a precursor leukotrienes and prostaglandins (Harizi et al., 2008). When oxidized, FA 
can also hold signaling functions (Obinata et al., 2005). 
PA, besides being the main precursor lipid in PL and TG synthesis, fulfills other functions 
through signaling, namely cell proliferation, transformation and differentiation, and tumor 
progression (Wang et al., 2006). Particularly in S. cerevisiae, its function as transcriptional 
regulator of PL synthesis was recently reviewed by Carman (Carman and Henry, 2013). 
So far, PC appears to be mainly structural (Cole et al., 2012; Geiger et al., 2013; Pérez-
Gil, 2008). On the opposite side, its deacylated product, lyso-PC, has significant signaling 
functions in mammals including in the inflammatory response through i.e. protein 
modulation; and LPC 16:0 is considered to be specifically important in apoptosis, possibly 
through different mechanism according to the tissue assayed (Hsieh et al., 2000; Takahashi 
et al., 2002). In general, studies reporting lyso-PL (LPA, LPC, LPE, LPG, LPI, LPS) 
biological significance suggest that their major role regards signaling cascades, mainly 
mediated by specific receptors (reviewed by (Aikawa et al., 2015; Grzelczyk and 
Gendaszewska-Darmach, 2013; Sheng et al., 2015)). Lyso-PA (LPA) is the best studied 
lipid in terms of its physiological impact. It influences processes like apoptosis, cell 
migration, muscle contraction, among others. Moreover, impairment of LPA receptors and 
synthesizing enzymes revealed a link to pathology, i.e. vascular defects,  pulmonary fibrosis 
and reproductive issues (reviewed by (Aikawa et al., 2015; Sheng et al., 2015)). 
PS and lyso-PS (LPS) also trigger several mammalian processes, to which their 
relocation from the inner to the outer plasma membrane is crucial. As examples, PS recruits 




promoted; and PS-derived LPS is recognized by phagocytes in early stages of apoptosis. 
Additionally, due to its anionic head, PS binds key signaling proteins, aiding in their 
activation. PS/LPS function in mammalian cells was recently reviewed elsewhere (Vance 
and Tasseva, 2013) (Grzelczyk and Gendaszewska-Darmach, 2013). 
PE is the second most abundant PL in most membranes and due to its cone shape it 
contributes to curvature modulation (Meer et al., 2008). Thus, it helps maintaining 
mitochondria cristae morphology and function, roles partly shared with CL (Böttinger et al., 
2012; Gohil et al., 2005). Moreover, PE is needed for cytokinesis completion in mammals, 
though it is not clear why (Emoto and Umeda, 2000). PE is also responsible for post-
translational modifications, i.e. Atg8p (Ichimura et al., 2000). Additionally, PE degradation 
in Trypanosoma brucei originates Etn that is covalently attached to eEF1A (Signorell et al., 
2008), a conserved bond in mammals and plants. Also, in E. coli, there is evidence that PE 
helps in specific protein folding (Dowhan and Bogdanov, 2009). 
CL is a complex PL to which four FA are esterified. It exclusively fulfills its role in 
mitochondria and is one of the best studied PL. It helps maintaining protein function (Gomez 
and Robinson, 1999; Schwall et al., 2012; Sedlák and Robinson, 1999; Sharpley et al., 
2006; Stuart, 2008; Wenz et al., 2009), facilitates protein-protein interaction thus allowing 
supercomplexes to form (Arnarez et al., 2013a; Claypool et al., 2008a; Pfeiffer et al., 2003; 
Zhang et al., 2002, 2005), is responsible for proton trapping and pH maintenance (Haines 
and Dencher, 2002), and has a role in apoptosis via oxidation (OxCL) (reviewed by (Kagan 
et al., 2009). 
Inositol-containing lipids (InsL) also fulfill signaling and regulatory roles, better studied in 
mammals (Epand, 2016; Grzelczyk and Gendaszewska-Darmach, 2013; Vicinanza et al., 
2008). As mentioned elsewhere, InsL precursor phosphorylation and dephosphorylation 
occurs in practically all cell compartments, apart from general lipid synthesis which is mainly 
centralized in the ER. This regionalized organization is an enabler of their many designated 












Table 1 - 3: Lipid functions beyond structure. General functions of PL and examples of PL-
induced downstream mammalian processes. FA, Fatty acid; InsL, inositol-containing lipid; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, 




Protein stabilization and function, protein complex formation, proton trap & pH 
maintenance, apoptosis (OxCL), maintenance of mitochondrial morphology, 
membrane fusion facilitator. 
FA Transcription regulation, post-translation modification, signaling 
InsL 
Signaling, cell proliferation, ion channel modulation, transporter regulation, 
protein function modulation 
LPA 
Signaling, prevention of apoptosis, cell migration, protein secretion, smooth 
muscle contraction, platelet activation 
LPC 
Signaling, protein processing and function modulation, K+ channel modulation, 
Ca2+ mobilization 
LPE Signaling, Ca2+ mobilization 
LPG Signaling, cell migration, Ca2+ mobilization 
LPS Signaling, initiation of apoptosis 
PA Signaling, enzyme activity modulation 
PE 
Etn donor/source, post-translational modification, membrane fusion facilitator, 
maintenance of mitochondrial morphology, protein folding 




Besides their individual roles, PL must be also viewed as a whole. Each specialized cell 
in a multicellular organism presents a specific lipid/PL composition, hence it can be 
assumed that it provides optimal conditions for cell functioning. Within the cell, the same is 
observed at organelle level (Meer et al., 2008). And finally, at membrane level, PL (together 
with other lipids) composition varies along the bilayer, and the outer and inner membrane 
are also differently structured. This allows membrane trafficking and protein 
accommodation. For instance, the combination of polar/nonpolar and charged/uncharged 
lipids affects the folding and orientation of membrane proteins. However, it is a conjugated 
effort and thus the integrity (full correctly translated protein) and hydrophobicity (gradient 
and residue position) of the proteins transmembrane domains is also crucial (Dowhan and 





1.2.4 Lipid-related disorders 
 
Human disorders related to lipid metabolism/storage present so many variants that 
enumerating all of them would be a herculean task. Disorders can be divided according to 
the pathway or organelle they affect. Therefore, one can find several review articles with 
detailed information regarding a set of diseases and original articles describing phenotypes 
observed in one or a small group of individuals. Here one can find a small sample (table 1-
4). The observation of such an array of lipid-related diseases suggests that many more may 
be detected in the future. The link between cause and effect may be established but the 
processes affected in between are important to understand each disorder and delineate 
strategies to overcome them. For instance, STGD3 represents one connection point 
between mistranslation and disease. It is caused by a mutation in the ELOVL4 gene, which 
leads to protein mislocalization and oligomerization. Yet, the crucial event happens during 
translation, because this mutation leads to frameshifting and premature termination 
(Agbaga et al., 2008; Ambasudhan et al., 2004; Grayson and Molday, 2005; Karan et al., 















Table 1 - 4: Lipid-related disorders condensed by type and sub-type. STGD3, Stargardt-like 
macular dystrophy; SLS, Sjögren-Larsson syndrome, CMT4J, Charcot-Marie-Tooth; NP, Niemann-
Pick; NCL, Neuronal ceroid lipofuscinosis, CoQ10, Coenzyme Q10 or ubiquinone. Data were mainly 
retrieved from (Agbaga et al., 2008; Ambasudhan et al., 2004; Barth et al., 2004; Chow et al., 2007; 
Di Donato and Taroni, 2015; Emmanuele et al., 2012; Futerman and van Meer, 2004; Gonzalez et 
al., 2013; Grayson and Molday, 2005; Karan et al., 2005; Lu and Claypool, 2015; Puntoni et al., 2012; 
Rizzo, 2007; Schweiger et al., 2009; Tesson et al., 2012; Vicinanza et al., 2008; Zhang et al., 2001) 




►Table 1 - 4 
Lipid/type Disorder Gene/locus 
FA 
FA Elongation: 
Stargardt disease (STGD1), STGD3, ELOVL4- 
Related Pseudo-SLS, Non-syndromic mental 
retardation 
ELOVL4, TECR 
Sjögren–Larsson syndrome ALDH3A2 
PL 
PL remodeling: 
Barth syndrome, Megdel syndrome 
TAZ, SERAC1 
PL turnover: 
hereditary spastic paraplegia 28 and 54, CMT4J 
DDHD1, DDHD2, FIG4 





Fabry, Farber lipogranulomatosis, 
Gaucher, NP-A, NP-B, Globoid cell leukodystrophy 
(Krabbe), Metachromatic leukodystrophy, 
Combined saposin deficiency, GM1 & GM2 
gangliosidosis 
GLA, ASAH1, GBA, 
SMPD1, GALC, ARSA, 
PSAP, GLB1, GM2A 
Lipidoses: 






Defects in integral membrane proteins: Infantile 
sialic-acid-storage disease & Salla disease, NP-C 
SLC17A5, NPC1 
Multiple sulphatase deficiency, 
NCL1 (Batten disease), Mucolipidosis (ML) IV 




Carnitine-related deficiencies, β-oxidation spiral-
related deficiencies. 
SLC22A5, SLC25A2, 
CPT1A, CPT2, ACADVL, 
HADHA, HADHB 
Medium- & short-chain FA oxidation: 
dehydrogenase deficiencies. 
ACADM, ACADS, HADH 
Unsaturated FA oxidation DECR1, ADAD9 
Multiple acyl-CoA dehydrogenation defects ETFA, ETFB, ETFDH 
Neutral lipid 
Neutral lipid storage disorder: 
NLSD with ichthyosis, NLSD with myopathy 
ABHD5, PNPLA2 
Transport: 
Tangier disease, Familial hypercholesterolemia 
ABCA1, LDLR 
CoQ10 deficiencies 
ETFDH, COQ2, COQ6, 
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2.1  Abstract 
 
Protein synthesis is an accurate molecular process and basal errors are thought to be 
readily dealt with by the cell protein quality control mechanisms. However, when 
translational errors occur at high rates, the proteome is destabilized and cell viability is 
affected. We have previously observed that recombinant tRNAs that misincorporate amino 
acids in yeast, zebrafish and mammal proteins are mostly deleterious. Particularly in yeast, 
there is deregulation of genes related to lipid metabolism but there is no experimental proof 
that such strains have altered lipid profiles. To clarify this question we expressed, in yeast, 
a seryl-tRNA gene bearing an anticodon that misincorporates serine at alanine or glycine 
sites. Total lipid extracts of two different growth phases were analysed using a lipidomics 
approach based on:  fractionation by liquid and thin layer chromatography (LC and TLC, 
respectively) followed by characterization by ESI-MS/MS. The fatty acid (FA) relative 
content was evaluated by gas chromatography (GC). We further assessed oxidative 
damage and the FA desaturation process at the gene expression level. Here we show that 
Ser misincorporation at Gly and Ala sites on a proteome scale affects lipid homeostasis. 
We detected alterations in lipid molecular species profiles and total FA abundance, and 
deregulation of OLE1 mRNA expression, though without PL fluidity changes. 
 
2.2  Introduction 
 
Protein synthesis errors are readily dealt with by protein quality control (PQC) 
mechanisms, i.e. molecular chaperones, ubiquitin-proteasome system and autophagy 
(Baker and Haynes, 2011; Buchberger et al., 2010). For this reason, proteomes are stable, 
despite being affected by various types of errors (Drummond and Wilke, 2009). However, 
the transcendence of the tolerated error threshold overloads PQC mechanisms, resulting in 
various consequences, as described below. 
A defective translation machinery can lead to several phenotypes: 1) In humans, 
mutations in mitochondrial transfer RNA genes (tRNA) can lead to severe 
encephalomyopathies such as MERRF (myoclonic epilepsy and ragged-red fiber) (Enriquez 
et al., 1995; Shoffner et al., 1990; Silvestri et al., 1992; Suzuki et al., 2011) and MELAS 
(mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes) disease 
(Greaves et al., 2012; Suzuki et al., 2011), among others (Brandon et al., 2005; Lott et al., 
2013) (Mitomap database). 2) Alterations in genes that code for either mitochondrial or 
cytoplasmic aaRS are also problematic (Konovalova and Tyynismaa, 2013; Park et al., 
2008). For instance, different mutations in the alanyl-RS gene can cause infantile 
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mitochondrial cardiomyopathy (Götz et al., 2011), the sticky mouse syndrome (Lee et al., 
2006) and Charcot-Marie-Tooth disease type 2 (Latour et al., 2010). 3) A faulty tRNA-
modifying enzyme (PUS1) causes MLASA1 (myopathy, lactic acidosis, and sideroblastic 
anemia) (Bykhovskaya et al., 2004). 4) Mutations in small nucleolar ribonucleoproteins and 
proteins involved in ribosome biogenesis have been linked to several detrimental 
phenotypes. Mutations in ribosomal proteins can originate anemia and other pathologies 
(Freed et al., 2010). 
Studies in yeast and bacteria showed that mistranslation produces diverse phenotypes 
depending on the growth environment (Bacher et al., 2007; Bezerra et al., 2013; Döring et 
al., 2001; Fan et al., 2015; Mateus, 2011; Mateus et al., 2013; Santos et al., 1996, 1999; 
Simões et al., 2016). Curiously, in the cases where mistranslation is regulated it seems to 
be beneficial (reviewed by (Pan, 2013), as it protects the proteome from oxidative damage 
(Netzer et al., 2009). However, mistranslation is mostly detrimental in normal growth 
conditions where stress is low or non-existent. For example, recombinant tRNAs that 
promote amino acid misincorporation in yeast decrease growth rate, alter cell morphology, 
increase ROS production, induce the petite phenotype, proteotoxic stress and gene 
expression deregulation, among other effects (Bezerra et al., 2013; Costa, 2012; Mateus, 
2011; Miranda et al., 2007; Paredes et al., 2012; Santos et al., 1996, 1999; Silva et al., 
2007; Simões et al., 2016) 
Transcriptome analyses of those mistranslation yeast models revealed deregulation of 
genes related to lipid metabolism (e.g. fatty acid biosynthesis) (Bezerra et al., 2013; Mateus, 
2011; Paredes et al., 2012; Simões, 2013) but it is not yet clear that such strains have 
altered lipid profiles. Lipids play many roles besides the classical structural role as the 
membrane building blocks. They control membrane fluidity and permeability, participate in 
signaling cascades, e.g. apoptosis (Higdon et al., 2012; Schink et al., 2013; Singh and Del 
Poeta, 2011) and take part in the energetic metabolism, i.e. TG and SE (Rajakumari et al., 
2008). In mitochondria, they promote protein function (Gomez and Robinson, 1999; Schwall 
et al., 2012; Sedlák and Robinson, 1999; Sharpley et al., 2006; Stuart, 2008; Wenz et al., 
2009), protein-protein interaction (Arnarez et al., 2013a; Claypool et al., 2008b; Pfeiffer et 
al., 2003; Zhang et al., 2002, 2005), and act as proton sinks (Haines and Dencher, 2002). 
Therefore, deregulation of lipid metabolism may directly disrupt cell homeostasis. The 
putative involvement of mistranslation in human disease, associated with defects in lipid 
metabolism, motivated us to clarify this issue. Indeed, cell membranes are remodeled in 
response to different stimuli, e.g. ER membranes can be lengthened under the influence of 
the misfolding reagent DTT (Schuck et al., 2009), and constitutive perturbations in lipid 
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homeostasis are relevant in the context of human pathologies, e.g. Stargardt (Agbaga et 
al., 2008; Ambasudhan et al., 2004; Grayson and Molday, 2005; Karan et al., 2005; Zhang 
et al., 2001) and Barth syndromes (Barth et al., 2004; Schlame and Ren, 2006), among 
others (Lamari et al., 2013).  
To study the impact of amino acid misincorporation in lipid metabolism we used a 
recombinant C. albicans seryl-tRNAUGASer that misincorporates serine at two non-cognate 
codons (Mateus, 2011). The profiles of phospholipid (PL) and triglyceride (TG) molecular 
species, and fatty acids, showed significant alterations. Additionally, we assessed ROS and 
antioxidant enzyme activity, which were not increased. FA desaturation may be altered in 
one mistranslating strain but PL fluidity changes were not observed. 
 
 
2.3  Results 
 
2.3.1 Evaluation of alterations in the global fatty acid profiles 
 
The effects of mistranslation on the fatty acid (FA) profiles were assessed by analyzing 
FA methyl esters (FAME) by gas chromatography coupled to a flame ionization detector 
(GC-FID). The relative content of FA determined for each strain was compared within each 
growth phase. In total, 14 FA were identified: C10:0, C12:0, C12:1, C14:0, C14:1, C16:0, 
C16:1, C18:0, 9c-C18:1, 9t-C18:1, C20:0, C22:0, C24:0, C26:0. Palmitoleic acid (C16:1) 
was the most abundant FA in all strains, with the control strain showing the highest 
abundance, 45% and 48% in logarithmic and PDS phases, respectively (table 2-1). The 
second most abundant ones were palmitic acid (C16:0) in exponential phase (22-24%), and 
oleic acid (9c-C18:1) in PDS phase (25-27%) (table 2-1). The FA identified are typical of a 
eukaryote, consisting more abundantly of C16 and C18 fatty acids. In S. cerevisiae fatty 
acid composition varies from strain to strain and also with different growth conditions (Daum 
et al., 1999; Martin et al., 2007). To our knowledge there is no data regarding the strains 
used in this study. 
FA content determination in logarithmic phase revealed differences between the control 
and the mistranslating strains. The relative amount of C16:1 decreased slightly but 
significantly in both engineered strains when compared to the control strain (~2%). 
Inversely, an increase in C16:0 abundance was observed (~2%). In PDS phase differences 
were also observed. As seen for logarithmic phase, the relative abundance of C16:1 
appeared significantly decreased in both engineered strains when compared to the control 
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strain (~5%), while an increase in C16:0 abundance was observed (~2%). Additionally, 9c-
C18:1 was more abundant in both mistranslating strains in this growth phase (~2%). The 
abundance of C18:0 was higher (~1%) than that of the control strain exclusively in the strain 
mistranslating alanine codons (table 2-1). 
Regarding FA (un)saturation, both mistranslating strains showed a small decrease in 
unsaturated FA. However, only the strain mistranslating serine into alanine codons differed 
significantly in 3 percentage points from the control strain (table 2-1). The profile changes 
observed after the transition from logarithmic to PDS phase were common to all strains, 
meaning that in general, shorter chain length FA decreased in PDS phase, whereas those 
with longer length chains, such as C18, increased. 
Therefore, the induction of serine misincorporation at Ala and Gly sites led to alterations 
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Table 2 - 1: FA relative abundances are altered. Changes in FA profiles of control and 
mistranslating strains during logarithmic and PDS phases. Data are normalized to total peak area 
and presented as mean ± standard error of 3 biological replicates, except for log phase Ser-tRNAGly 
(2n). Two-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test were 
performed (***P<0.001; **P<0.01; *P<0.05). 
 
Logarithmic 
FA Control Ser-tRNAAla Ser-tRNAGly 
C12:0 0,92 ± 0,11 0,48 ±0,01 0,62 ±0,12 
C14:1 0,51 ± 0,05 0,43 ±0,01 0,34 ±0,01 
C14:0 2,88 ± 0,25 2,58 ±0,04 2,02 ±0,07 
C16:1 48,42 ± 0,27 45,52*** ±0,27 46,67* ±0,69 
C16:0 21,91 ± 0,55 23,55* ±0,08 23,70* ±0,62 
C18:1n9c 20,42 ± 0,70 21,62 ±0,15 21,43 ±0,06 
C18:1n9 0,69 ± 0,03 0,58 ±0,04 0,51 ±0,02 







∑MUFA 70,04 68,15 68,95 
 
Post-Diauxic 
FA Control Ser-tRNAAla Ser-tRNAGly 
C12:0 0,82 ±0,09 0,66 ±0,01 0,62 ±0,06 
C14:1 0,39 ±0,02 0,36 ±0,01 0,31 ±0,01 
C14:0 1,82 ±0,02 1,90 ±0,05 1,52 ±0,06 
C16:1 45,07 ±0,30 40,31*** ±0,25 40,99*** ±0,23 
C16:0 19,98 ±0,49 21,76** ±0,29 22,27** ±0,46 
C18:1n9c 24,88 ±0,46 27,01*** ±0,59 27,01*** ±0,44 
C18:1n9 1,28 ±0,05 0,92 ±0,06 0,90 ±0,05 











2.3.2 Phospholipid classes profile 
 
To further evaluate how amino acid misincorporation affects the lipidome, lipids were 
separated in classes by TLC according to their polarity. Phospholipid identification was 
achieved by comparison with PL standards and sphingolipids were further confirmed by 
direct infusion-ESI-MS analysis. PL classes were quantified by the phosphorus assay. The 
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relative abundance of PL classes was determined for both growth phases (figure 2-1) and 
the identified classes were the following: LPC, IPC and MIPC, PC, PI, PS, PE, PA and CL. 
All the classes were thoroughly identified elsewhere (Ejsing et al., 2009). The PL class 
content variation was the following in logarithmic growth phase: PC (26-27%); PA/PE (27-
29%); LPC, IPC and MIPC (10-14%); PI (13-19%); PS (8-11%); CL (7-11%). In the PDS 
growth phase: PC (45-49%); PA/PE (20-22%); LPC, IPC and MIPC (9-11%); PI (6-10%); 
PS (5-7%); CL (8-9%). PC was the most abundant PL in both growth phases. PE and PA 
were the second most abundant classes. In general, LPC, IPC and MIPC, PI, and PS 
classes showed higher abundance in log than in PDS phase.  
The variation in CL and PS contents in log phase was slightly higher for the Ser-to-Ala 
strain relative to the control strain. Yet, statistically, there were no differences between 
control and mistranslating strains in any PL class, in neither growth phase. Among the 
recombinant strains, only a difference in PI was registered in logarithmic phase. Altogether 
these observations indicate that the bulk of PL classes distribution is not significantly 




Figure 2 - 1: Phospholipid classes profiles of the mistranslating strains are unaffected. 
Relative abundance of phospholipid classes was not altered in both logarithmic (A) and post-diauxic 
shift (B) phases. Phospholipid identification was achieved by comparison with PL standards and 
direct infusion-ESI-MS analysis, and PL classes were quantified by the phosphorus assay. Data were 
normalized against the sum of all values and are presented as mean ± standard deviation of three 
biological replicates. Statistical analysis was performed by two-way analysis of variance (ANOVA) 
followed by Bonferroni's multiple comparison test (*P<0.05). 
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2.3.3 Assessment of individual lipid molecular species by LC-MS/MS 
 
The HPLC-MS/MS analysis permitted the identification and relative quantification, at the 
molecular level, of the profiles of the PL classes PC, PE, PG, PA, PI, PS and CL, as well 
as lyso-PL, namely LPC and LPE, also of IPC and MIPC, and of the abundant TG. The 
identified species are in agreement with previous studies (Casanovas et al., 2015; Ejsing et 
al., 2009; Klose et al., 2012). A list of the identified species can be found in tables S2-1 and 
S2-2. 
In PA, PE, PS and PC classes there were mainly five abundant species comprised of: 1) 
PL 32:2 (16:1/16:1), 2) PL 32:1 (16:1/16:0), 3) PL 34:2 (16:1/18:1), and 4&5) PL 34:1, a mix 
of 18:1/16:0 and 18:0/16:1. In the PI class the most abundant species had one MUFA (32:1, 
34:1, 36:1). The abundantly observed LPC species were LPC 16:1, 16:0, 18:1 and 18:0. 
Finally, the LPE and SP classes showed low abundance and the signal to noise ratio did 
not allow the quantification of individual peaks. 
In log phase the alterations in the PL molecular species profiles, when compared to the 
control strain, were mostly observed in the Ser-to-Ala strain, namely PA, PE, LPC, PI and 
PS profiles (figure 2-2, figure S2-7). This strain showed decreased relative content (4-12%) 
of PA (32:2), PE (32:2), LPC (16:1), PI (32:1), PS (32:2) and PS (34:2), and an increase (3-
10%) of PA (34:1), PE (34:1), PI (34:1) and PI (36:1), and PS (34:1) molecular species 
(figure 2-2, table 2-2). In the Ser-to-Gly strain only the PI profile was disturbed when 
compared to the control strain, showing a reduction (~3%) of the relative content of PI (32:1) 
(figure 2-3, table 2-2). There were no significant alterations regarding PC (figure 2-3, table 
2-2) and PG (not shown) profiles in the mistranslating strains. There were significant 
differences between mistranslating strains in eight molecular species: PA (32:2, 34:1), PE 









Figure 2 - 2: HILIC-ESI-MS analysis of PL molecular species of logarithmic phase. The 
statistically relevant molecular species of PA (A), PE (B), LPC (C), PI (D) and PS (E) identified after 
comparison of phospholipidomes analyzed by HPLC-MS in negative mode (A, B, D, E) and positive 
mode (C) are shown. PL molecular species are identified as C:N (carbon number:number of double 
bonds). Data were normalized against the sum of all the reconstructed areas considered for each 
class and presented as mean ± standard deviation of three biological replicates. Statistical analysis 
was performed by two-way analysis of variance (ANOVA) followed by Bonferroni's multiple 
comparison test (***P<0.001 **P<0.01; *P<0.05). 
 
 
In the respiratory phase the alterations in the PL molecular species profiles were again 
mostly observed in the Ser-to-Ala strain, though less extensively (figure 2-3, figure S2-8). 
The significantly altered profiles were those of PA, PC, LPC and PE classes. This strain 
showed a decreased (3-7%) relative content of PA (32:2), PC (32:2), LPC (16:0) and PE 
(32:1), and an increase (~4%) of PE (34:1) molecular species only (figure 2-4, table 2-2). 
The Ser-to-Gly strain showed only a decreased (3-5%) relative content in PC (32:2) and PE 
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(32:1) (figure 2-3, table 2-2). There were no significant alterations of the mistranslating 
strains regarding the PG (not shown), PI and PS profiles (figure 2-3, table 2-2) relative to 
the control strain. Again, there were significant differences between mistranslating strains, 





Figure 2 - 3: HILIC-ESI-MS analysis of PL molecular species of PDS phase. The statistically 
relevant molecular species of PA (A), PC (B), LPC (C), PE (D) and PS (E) identified after comparison 
of phospholipidomes analyzed by HPLC-MS in negative mode (A, D, E) and positive mode (A, C) 
are shown. PL molecular species are identified as C:N (carbon number:number of double bonds). 
Data were normalized against the sum of all the reconstructed areas considered for each class and 
presented as mean ± standard deviation of three biological replicates. Statistical analysis was 
performed by two-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison 
test (***P<0.001 **P<0.01; *P<0.05). 
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Overall, for PA, PC and PS classes, the trend in the mistranslating strains relative to the 
control strain – mainly in the strain misincorporating Ser at Ala sites –, was for lower 
abundance of species with two MUFA, and higher abundance of species with one MUFA 
and one saturated FA (SFA) (table 2-2). To some extent, such observations are in 
agreement with the FA profile. The same tendency was seen for PE in exponential phase 
but not in PDS phase, where a decrease was observed for one of the species bearing one 
MUFA and one SFA (figure 2-3, table 2-2). 
 
As mentioned, LC-MS/MS studies allowed the identification and relative quantification of 
TG species. The most profuse TG species had either three C16 FA or two C16 and one 
C18 (figure 2-4, S2-9). The distribution of TG species in log phase (figure 2-5 A, table 2-2) 
clearly showed a significant decrease of the relative content of TG (48:3) and (50:3), and 
an increase of TG (48:1) and (50:1) in the Ser-to-Ala strain when compared to the control. 
In the Ser-to-Gly strain a decrease was also observed for TG (46:2), (48:3), (50:3) and 
(52:3) species, and an increase was seen for TG (44:1), (48:1) and (50:1) species. In this 
strain, only one TG species comprised of two unsaturated FA chains was significantly 
altered (46:2). The mistranslating strains were also statistically different from one another 
regarding the TG species (44:2), (48:1), (50:3), (50:1), and (52:3). 
In PDS phase species distribution was similar, though a small shift towards the species 
with longer FA chains was observed (figure 2-4, S2-9). Again, TG species with a total of 48 
and 50 carbons were the most abundant, with TG (50:2) representing over 15%. Once more, 
alterations in the Ser-to-Ala strain were less clear, with only a significant decrease in the 
relative content of TG (48:3) species. Regarding the Ser-to-Gly strain, TG species (48:3) 
and (50:3) were decreased while TG (44:1) and (50:1) showed an increment (figure 2-5 B). 
These results can also relate to the FA profile of Ser-to-Gly strain. Therefore, we have 
observed an increase in the percentage of TG with two SFA and one MUFA and a decrease 
in TG with three MUFA, which again might suggest FA oxidation. 





Figure 2 - 4: HILIC-ESI-MS analysis of TG molecular species from logarithmic and PDS 
phases. The statistically relevant molecular species of TG in logarithmic (A) and post-diauxic shift 
phase (B) were altered. Data is normalized against the sum of the reconstructed areas considered 
for each phase and presented as mean ± standard deviation of three biological replicates. Statistical 
analysis was performed by two-way analysis of variance (ANOVA) followed by Bonferroni's multiple 
comparison test (***P<0.001 **P<0.01; *P<0.05). 
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Table 2 - 2: Summary of the significant changes observed in PL and TG molecular species in 
the mistranslating strains. 
 
 Log PDS 
 Ser-tRNAAla Ser-tRNAGly Ser-tRNAAla Ser-tRNAGly 
PA 32:2  =  = 
PA 34:1  = = = 
PE 32:2  = = = 
PE 32:1 = =   
PE 34:1  =  = 
PS 32:2  = = = 
PS 34:2  = = = 
PS 34:1  = = = 
PC 32:2 = =   
LPC 16:1  =  = 
PI 32:1   = = 
PI 34:1  = = = 
PI 36:1  = = = 
TG 44:1 =  =  
TG 46:2 =  = = 
TG 48:3     
TG 48:1   = = 
TG 50:3   =  
TG 50:1   =  




2.3.4 Oxidative damage is unlikely to cause lipidome alterations in 
mistranslating strains 
 
The FA profiles showing reduced content of palmitoleic acid and an increment of palmitic 
and stearic acids in the mistranslating strains, plus the PL species profile variation, led us 
to hypothesize that such observations could be due to oxidative damage. To clarify this 
issue we have analyzed the levels of lipid hydroperoxides in our lipid extracts, which are the 
primary products of lipid oxidation. We have observed the same pattern for exponential 
(Figure S2-4) and PDS phases (figure 2-5 A): the strain misincorporating Ser at Ala codons 
had a slightly higher level of lipid hydroperoxides, when compared to the control strain, while 
the Ser-to-Gly mistranslating strain showed a lower level. However, there were no 
statistically significant differences when compared to the control strain. 
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Earlier observations made in strains mistranslating Ala and Gly codons (Mateus, 
2011), led us to hypothesize that total ROS levels would be mostly unchanged in both 
strains. Additionally, an increase of the superoxide anion alone could be observed in the 
strain mistranslating Gly codons, possibly accompanied by an intensification in antioxidant 
defense activity. Thus, we have quantified total ROS and the superoxide anion levels in the 
respiratory phase, in which ROS production was expected to be higher mainly due to 
oxidative phosphorylation. Moreover, we verified whether or not the activities of the 
antioxidant enzymes catalase (cytosolic) and superoxide dismutase (SOD; cytosolic and 
mitochondrial) were elevated. Total ROS levels were decreased in both strains (figure 2-5 
B). Surprisingly, a decrease of the relative superoxide anion level was also observed in the 
case of the Ser-to-Gly strain, while no significant changes were seen for the other 
recombinant strain (figure 2-5 B). Additionally, the activities of all three antioxidant enzymes 
tested were unchanged when compared to the control (figure 2-5 C). Therefore, it is not 
likely that damaging oxidation levels are present in these strains in particular, and 
consequently, oxidation is unlikely to be the cause of FA and PL profile variation. Yet, 
mistranslation likely caused an adjustment in lipid metabolism as suggested by the above 
mentioned transcriptomics study. 
 





Figure 2 - 5: Assessment of oxidative damage in PDS phase. A, Quantification of lipid 
hydroperoxides was determined for lipid extracts in post-diauxic shift phase by the FOX II assay. 
Data were normalized against the averaged values of the control strain and are presented as mean 
± standard deviation of duplicates of 3 biological replicates. B, Total intracellular ROS and the 
superoxide anion alone were detected by flow cytometry measurements of fluorescence using the 
DHR123 and DHE probes, respectively. Data are expressed as median values ± standard deviation 
of three biological replicates. C, Enzymatic activities of cytosolic catalase and superoxide dismutase 
(SOD), and mitochondrial SOD were determined after native-PAGE. Data are expressed as mean 
values ± standard deviation of three biological replicates assessed in two independent experiments. 
Statistical significance in all experiments was determined by one-way ANOVA, followed by 
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2.3.5 OLE1 transcripts are altered in Ser-to-Gly exchange 
 
The reduction of MUFA relative abundance and the apparent absence of oxidative 
damage led us to hypothesize that the desaturation process could be altered. In S. 
cerevisiae, desaturation of the bond between carbons 9 and 10 of the palmitic and stearic 
acids is carried out by the Δ9 fatty acid desaturase (Ole1p). This enzyme is thus essential 
to cell homeostasis, namely for membrane adaptation to different stimuli – e.g. carbon 
source, temperature, exogenous FA supplementation, metal ions and oxygen levels. OLE1 
expression is tightly regulated (Martin et al., 2007). We analyzed the transcripts of this gene 
in both growth phases, seeking to shed light over our observations. In logarithmic phase, 
gene expression levels were similar for all strains, but in PDS phase the strain mistranslating 





Figure 2 - 6 : Membrane fluidity is not altered in PDS phase despite the upregulation of the Δ9 
fatty acid desaturase-coding gene. A, Quantitative real-time PCR analysis of expression levels of 
OLE1 gene in logarithmic and PDS phases were assessed. Target/reference ratios were calculated 
using the mathematical model determined by Pfaffl (2001). Actin was used as the reference gene. 
Data are expressed as mean values ± standard deviation of three biological replicates. Statistical 
analysis was performed by one-way analysis of variance (ANOVA) followed by Dunnett's multiple 
comparison test (**P<0.01). B, Membrane fluidity was qualitatively assessed through determination 
of the thermograms of fluorescence polarization of two biological replicates. Liposomes were 
prepared with PL extracts and incubated with DPH. The depicted graph represents 1n and is 
illustrative of the observations. 
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2.4  Discussion 
 
2.4.1 Impact of mistranslation in yeast 
 
We show here that Ser-to-Ala and Ser-to-Gly mistranslation are well tolerated by yeast, 
with modest effect on fitness (figures S2-1), despite the deleterious effect on proteome 
stability (figure S2-2), corroborating previous results from our laboratory (Mateus, 2011). 
The chemical and physical characteristics of each amino acid – e.g. polarity –, their 
localization in the protein, and eventual post-translational modifications certainly contribute 
to the toxicity levels observed in yeast. For instance, Ser-to-Leu mistranslation, the best 
studied case in yeast, leads to higher toxicity to which the chemical differences between 
Leu (hydrophobic) and Ser (polar) contribute (Costa, 2012; Mateus, 2011; Paredes et al., 
2012). Curiously, the Ser-to-Ala mistranslation had more severe effects in C. albicans (e.g. 
growth rate) (Simões, 2013) than in S. cerevisiae. The substitution of Gly residues can 
compromise protein structure due to steric constraints, namely by reducing flexibility in 
phosphate binding loops. Also, Gly appears to be the only amino acid susceptible to 
myristoylation (Resh, 2016). Similarly to serine, it can be equally positioned closer to either 
the core or the surface (Baud and Karlin, 1999), and both are mostly localized in coil regions. 
Hydrophobic residues like Ala tend to be more protected from the surrounding environment 
and the substitution by Ser could destabilize the hydrophobic core. Additionally, Ala 
localizes mainly to α-helixes, but it can also be found in coil regions (Baud and Karlin, 1999). 
Despite the importance of the above mentioned properties of isolated amino acids, cell 
homeostasis is achieved due to the orchestration of different cellular processes within the 
cell, e.g. PQC systems. Therefore, it is vital to note that the observed phenotypes can be 
the indirect result of mistranslation. 
 
2.4.2 Mistranslation-driven alterations of the lipidome 
 
Our results show that mistranslation affects mainly FA and lipid molecular species, 
without significantly disturbing overall PL class distribution (figure 2-1) or PL content (figure 
S2-6), see text below). The PL/protein ratios were decreased in PDS phase mostly due to 
decreased protein content. It is possible that protein synthesis rate decreased and/or protein 
degradation increased in response to mistranslation. Reduced protein synthesis is a 
common response during stress, namely oxidative, osmotic and heat stress, and upon 
induced mistranslation (Gasch, 2002b; Geslain et al., 2010; Mateus, 2011; Paredes et al., 
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2012; Shenton et al., 2006; Simões, 2013). However, there is a duality in mistranslation that 
is defined by the misincorporated amino acid and can either result in increased or decreased 
protein synthesis rate (Mateus, 2011). Specifically, Ser-to-Ala and Ser-to-Gly mistranslation 
in yeast was previously shown to increase protein synthesis rate (Mateus, 2011). A different 
study showed that mistranslation can both increase protein synthesis rate and accelerate 
protein turnover in yeast (Kalapis et al., 2015). 
The FA and lipid molecular species identified were typical of a eukaryote, consisting 
more abundantly of C16 and C18 chains. In S. cerevisiae fatty acid composition varies 
according to genetic background and growth conditions (Daum et al., 1999; Martin et al., 
2007), and to our knowledge there is no data regarding the strains used in this study. The 
bulk of alterations in FA distribution of the mistranslating strains was more prominent in PDS 
phase than in log phase whereas the PL and TG molecular species analyzed showed 
greater changes in the log phase. In the proliferative phase, yeast cells produce more PL 
than neutral lipids such as TG, whose content only increases in the end of log phase 
(Casanovas et al., 2015). We found that TG species distribution was mainly altered in log 
phase, during which their content is expected to be low. It is possible that these 
mistranslating strains, in particular the Ser-to-Gly strain, are adapting to the introduced 
stress by changing TG metabolism. In the case of the Ser-to-Ala strain, both PL and TG 
species distribution was affected in the same way (shift from species carrying UFA to those 
carrying SFA), mostly in log phase. Since their synthesis relies greatly on the FA de novo 
synthesis pathway, we speculate that it might be altered. 
The Ser-to-Ala strain showed the highest level of lipid-related alterations. PL species 
distribution was more altered than in the other mistranslating strain, whereas TG species 
distribution was less affected. There was a general increment in 34:1 PL species, mainly 
comprised of C16 and C18 FA. The variation in PA species abundance might be reflected 
in other PL species, because PA is a starting point in PL synthesis via the CDP-DG pathway. 
Also, PA is a precursor of DG, and the latter is needed for TG synthesis and PE and PC 
synthesis via the Kennedy pathway (Carman et al., 2009). Therefore, TG synthesis might 
be influenced by a low level of DG species (not analyzed) rich in C16:1 and intensification 
in those rich in C16:0 and 18:1 originated from PA species. Significant variation of LPC 
species distribution was also observed in this strain only. The reduction of LPC (16:1) is in 
line with the other lipidome-related observations. In a previous transcriptomics study with a 
similar misincorporation model, the expression of PLB1 gene was upregulated (Simões, 
2013). Since PLB1 codes for a phospholipase (Lee et al., 1994; Merkel et al., 1999) involved 
in the remodelling of PC (De Smet et al., 2013) and possibly PE, our observation may also 
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be suggestive of altered PL remodeling or turnover activity. In the specific case of PI 
distribution, whose changes were mostly noted in the Ser-to-Ala strain, it may also mean 
that there are alterations in signal transduction. In higher eukaryotes, PI-derivatives have 
been implicated in several pathways (Epand, 2016) and interestingly, the acyl composition 
of PA species influences the activation of PI4P5-kinase (Shulga et al., 2012), which 
converts PI-4-P into PI-4,5-P2. In the case of the Ser-to-Gly strain there were few alterations 
in PL species distribution, which leads us to suspect that its global FA distribution resulted 
mainly from alterations in TG species. 
 
2.4.3 Oxidation and antioxidant responses are unaltered by mistranslation 
 
Mistranslation was previously linked to increased ROS levels, protein oxidation and up-
regulation of the antioxidant response (Ballesteros et al., 2001; Costa, 2012; Fan et al., 
2015; Mateus, 2011; Paredes et al., 2012; Reverendo et al., 2014). Thus, we hypothesized 
that the observed deviations in PL and FA profiles and the decreased FA unsaturation could 
be the result of oxidative damage. We specifically checked for lipid peroxidation but the 
transformed strains did not significantly differ from the control strain. A caveat in the assay 
used prevented us from fully clarifying this issue: the hydroperoxides are quite unstable, 
and can be further oxidized or fragmented (Bochkov et al., 2010) and the derivatives cannot 
be detected by the assay performed. It was curious that the results were similar in both 
growth phases, with the Ser-to-Ala strain slightly increased and the Ser-to-Gly strain slightly 
decreased relative to the control strain. Therefore, the mistranslating strains presented 
divergent changes relative to the control, and were statistically different from each other in 
log phase (figure S2-3). This indicates that each type of amino acid misincorporation is 
differently dealt with by the cell, which is in line with the results of a previous phenotypic 
screening carried out in our laboratory (Mateus, 2011). Given these results, we verified if 
ROS levels and antioxidant enzyme activity were altered as expected. Curiously, both 
mitochondria-specific superoxide anion and ‘total’ ROS were decreased in the Ser-to-Gly 
strain by 19% and 36%, respectively, and the latter also in the case of the Ser-to-Ala strain, 
by 13% (figure 2-5 B). Induction of the Ser-to-Gly misincorporation in another yeast strain 
and in zebrafish revealed an increment of ROS levels (Mateus, 2011; Reverendo et al., 
2014). Our result was therefore surprising and indicates that strain background is important. 
Regarding Ser-to-Ala misincorporation, similar results were observed in another strain 
(Mateus, 2011), though in a zebrafish model of mistranslation an increment in catalase 
activity hinted at increased oxidative stress (Reverendo et al., 2014). A decrease in ROS 
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levels is puzzling, in particular in the case of the Ser-to-Gly strain, in which lipid peroxidation 
levels were lower than the control strain level. The observation that the activities of the 
antioxidant defense enzymes (figure 2-5 C) were unaltered points once more to undisturbed 
redox homeostasis and indicates that it is not probable that the observed ROS levels are 
related to upregulation of antioxidant enzymatic activity. The reason for the lower ROS 
levels remains unclear to us. The method used cannot discriminate between ROS sources 
neither we are aware of the contribution of each source to the total ROS pool. This is 
important as such contribution, at least in mammalian cells, was suggested to vary with the 
cell type and physiological conditions, and each source originates different ROS species 
(Brown and Borutaite, 2012). Yet, such levels might be related to alteration of a ROS-
producing pathway taking place in one of the sources and/or to the emerging role of ROS 
as signaling molecules, e.g. redox-modulation of protein activity (Sena and Chandel, 2012; 
Shadel and Horvath, 2015). In this case, signaling down-regulation would be expected.  
 
2.4.4 Mistranslation upregulates OLE1 
 
We also hypothesized that the desaturation of FA, part of the FA synthesis process, 
could be changed during mistranslation. In S. cerevisiae the delta-9 fatty acid desaturase 
(Ole1p) is the only known enzyme responsible for the production of monounsaturated fatty 
acids (MUFA). Since there is no evidence of post-translational modifications of Ole1p, such 
as the need for activation, and its expression is controlled via transcription and mRNA 
stability (Martin et al., 2007), an increment in mRNA expression should reflect a direct 
demand for this enzyme. In fact, it was seen elsewhere that overexpression of this gene led 
to an increment in transcript level of about 40% (Kim et al., 2011) and accumulation of total 
MUFA, mainly C18:1, in detriment to SFA (Kajiwara et al., 2000; Kim et al., 2011; De Smet 
et al., 2012). 
It was surprising that only the Ser-to-Gly strain showed deregulated OLE1 mRNA 
expression. Due to the observation that the PL profiles in this strain are barely altered in 
both growth phases, while the OLE1 gene is only upregulated in PDS phase, it is not 
probable that the strain is establishing PL equilibrium by accelerating the desaturation 
process. Instead, it is likely that the induced mistranslation is simply causing minor effects 
at the membrane lipids level. However, one can speculate that the least altered distribution 
of TG species in PDS phase may be related to OLE1 upregulation. In this case, TG 
synthesis could overcome turnover. 
The described lipidome alterations and the upregulation of OLE1 expression prompted 
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us to survey membrane fluidity alterations. Increasing evidence suggests that changes in 
ER membrane saturation are important to trigger the UPR (Pineau et al., 2009; Volmer and 
Ron, 2015). Additionally, it is well established that mistranslation in general can lead to ER 
stress and trigger UPR, due to protein misfolding. However, we have not detected any 
alterations of fluidity in neither growth phase (figure 2-6 B, S2-5). In any case, we have 
tested whole PL extracts which may not reflect the changes in specific organelles. 





We have observed here, and for the first time to our knowledge, that Ser 
misincorporation at Gly and Ala sites on a proteome scale disturbs lipid homeostasis; OLE1 
was upregulated in one of the strains though fluidity changes were not observed; and 
oxidative stress seems not to take part in the observations. Overall, the observations 
regarding the lipidome were not prominent suggesting that these specific amino acid 
exchanges are well tolerated by yeast. The study of global lipidomes gives us hints on the 
adaptive response to intrinsic/extrinsic stimuli. However, the observations are always the 
sum of changes happening within the plasma membrane and the membranes of all 
organelles, free and stored lipid particles. The observations regarding lipid composition 
and/or metabolism may be due to accumulation of misfolded proteins in the ER. Our 
understanding on how the mutations in tRNAs that increase mistranslation can contribute 
to alter lipid distribution, structure or metabolism will require further studies. 
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2.6  Methods 
 
2.6.1 Strains and growth conditions 
 
The Saccharomyces cerevisiae SY991 strain (EUROSCARF acc. no. Y40001; genotype: 
MATa; ura3Δ 0; his3Δ 1; leu2Δ 0; trp1Δ 63; ade2Δ 0; lys2Δ 0; ADE8) was transformed with 
pGL-C1, which encodes a fusion between glutathione S-transferase and β-galactosidase 
genes (GST-β-gal) and one of the following plasmids: pRS315 (control strain), pUA268 or 
pUA269 (Mateus, 2011). In brief, pUA plasmids are derived from pRS315 and contain a 
genomic DNA fragment of 150bp coding the C. albicans tRNATGASer gene, whose anticodon 
was mutated to TGC (alanine) or TCC (glycine), corresponding to pUA268 and pUA269, 
respectively. 
Transformations were performed using the Liac/SS carrier DNA/PEG method (Gietz and 
Woods, 2002) with minor alterations. Briefly, cells were grown overnight in YPD or selective 
medium, at 30 oC and 180 rpm. 1 mL of cell suspension was collected, pelleted at 8000 rpm 
and the supernatant was discarded. Each component of the transformation mix was added 
in the indicated order. 1 to 3 μg of plasmid DNA were added. After incubation and 
transformation mix removal, 200 μL of sterile water or selective medium were added to the 
transformed cells and plated onto appropriate selective media. Clones containing both 
plasmids were grown in MM (0.67% yeast nitrogen base, 2% glucose, 0.2% drop-out mix). 
Plasmid inserts were verified by colony PCR and consecutive fragment sequencing. 
 
2.6.2 Protein Isolation and Quantification 
 
Cell suspensions were spun down, washed twice and resuspended in PBS 1x. 
phenylmethylsulfonyl fluoride (PMSF) was added to a final concentration of 0.2 mM to inhibit 
protease activity and for western blot isolates other protease inhibitors (Complete, Mini, 
EDTA-free protease cocktail inhibitor tablets (Boehringer Mannhein) were also added. Cells 
were lysed with 0.5 mm glass beads in a homogenizer (Precellys®). The extract was 
clarified by centrifugation at 4 oC for 15 min at 13000 rpm. 
Protein concentration was determined by either the Bradford (Bradford, 1976) or the BCA 
(Thermo scientific kit) methods, using bovine serum albumin (BSA) standards (Sigma). 
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2.6.3 Lipid Extraction 
 
Cells grown in a minimum of 200 mL of selective media were collected either in 
exponential (O.D. 0.6-0.8) or early PDS phase. Cells were washed with PBS 1x and frozen 
in liquid nitrogen. The pellet was resuspended in 150 mM ammonium bicarbonate buffer 
and disrupted with 0.5 mm glass beads, by vortexing 8 to 10 times for 1 min. The cell 
suspension was kept on ice between each vortexing cycle. Each extract was transferred to 
a new refrigerated Falcon tube, and pelleted at 8000 rpm, for 5 min. Finally, the pellet was 
resuspended in 1 mL of ultra-pure distilled water. Total lipids from all cell lines were 
extracted according to the Bligh and Dyer method (Bligh and Dyer, 1959). Succinctly, 3.75 
mL of chloroform/methanol 1:2 (V/V) were added to each sample, vortexed, and incubated 
on ice for a minimum of 30 min. Then, 1.25 mL of chloroform and 1.25 mL of ultra-pure 
distilled water were added, and the mixture was vortexed. Finally, samples were centrifuged 
at 1500 rpm for 5 min at room temperature to obtain a clear separation between the upper 
aqueous phase and the lower organic phase from which lipids were obtained. After 
transferring the organic phase to a clean tube, the extraction was repeated twice. The 
extracts were dried under a nitrogen flow, dissolved in chloroform, and stored at -20 °C in 
amber glass vials. 
 
2.6.4 Phospholipid quantification 
 
Quantification of the total amount of PL, as well as amounts of each PL class separated 
by TLC, was carried out with the phosphorus assay (Bartlett and Lewis, 1970). To quantify 
the total PL extract, 10 μL of each sample in duplicate were dried under a nitrogen flow, 
while quantification of the different classes separated by TLC, started by scraping the silica 
off the TLC plates directly to the quantification tubes. The quantity of phosphorus in the 
standards ranged from 0.1 to 2 μg. In brief, 650 μL of 65-70% perchloric acid were added 
to samples and standards, and the former were then incubated for 1 h at 200 oC. Then, 3.3 
mL of distilled water, 500 μL of a saturated ammonium molybdate solution, and 500 μL of a 
10% (W/V) ascorbic acid solution were added sequentially to samples and standards, with 
intense vortexing in between additions.  Finally, samples and standards were incubated for 
5 min at 100 oC in a water bath, and the absorbance was measured at 800 nm after cooling 
to room temperature. The samples containing silica particles obtained from TLC spots were 
spun down for 5 min at 4000 rpm before spectrophotometric determination. The relative 
abundance (%) of each PL class was calculated by relating the amount of PL in each spot 
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to the total amount of PL in the sample. 
 
2.6.5 Separation of phospholipids classes by thin layer chromatography 
 
PL classes from the total lipid extract were separated by thin layer chromatography (TLC) 
using silica gel plates with a concentrating zone 2.5x20 cm (Merck, Darmstadt, Germany). 
Prior to separation, plates were treated with 2.3% boric acid in ethanol. The plates with 
spots containing 30 g of sample, were developed using a solvent mixture consisting of 
chloroform/ethanol/water/triethylamine (35:30:7:35, V/V/V/V). Lipid spots on TLC plates 
were screened by exposure to primuline (50 g/ 100 mL acetone/water, 80:20, V/V), under 
a UV lamp (=254 nm). Identification of the different classes of PLs was carried out by 
comparison to standards ran side by side with the samples in the TLC plate. Then, each 
identified class spot was scraped and quantified by the phosphorus assay. Sample spots 
for MS identification were extracted with chloroform/methanol (2:1, V/V). 
 
2.6.6 Analysis of fatty acid profiles by gas chromatography-FID 
 
Fatty acid profiling was evaluated by the analysis of fatty acid methyl esters (FAMEs), 
which were obtained by transesterification (Aued-Pimentel et al., 2004). Briefly, 1 mL of 
hexane was added to 30 μg of dried phospholipid extract. FAMEs were obtained by 
sequentially adding 200 μL of 2 M KOH in methanol and 2 mL of saturated NaCl solution, 
followed by intense vortexing in between. After centrifugation, the organic phase was 
collected and dried under a nitrogen stream. The resulting FAMEs were dissolved in hexane 
prior to injection and analyzed on a PerkinElmer Clarus 400 gas chromatograph (Waltham, 
MA) equipped with a flame ionization detector (FID) and a DB-1 column with 30 m of length, 
0.25 mm of internal diameter, and 0.1 µm of film thickness (J&W Scientiﬁc, Folsom, CA). 
The temperature of the injector was 250oC. The initial oven temperature was 50 oC, the first 
ramp rate was 25 oC/min to 180 oC, held for 6min, followed by a second ramp rate of 40 
oC/min and the final temperature was 260 oC, held for 3 min. The carrier gas was hydrogen, 
at a flow rate of 1.7 mL/min. Identification of FAMEs was done by comparison of retention 
times to those of a mixture of lipid standards (Sigma). 
 
2.6.7 Quantification of lipid hydroperoxides using the FOX II assay 
 
Quantification of lipid hydroperoxides was achieved with the FOX II assay with minor 
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alterations (Wolff, 1994). Aliquots of the total lipid extracts and standards were incubated 
with the FOX2 reagent for 30 min in the dark. Hydrogen peroxide solutions were used as 
standards, with concentrations ranging from 0.01 to 0.4 mM. The solution was prepared as 
follows: 250 µM (NH4)2Fe(SO4).6H2O and 25 mM H2SO4 were dissolved in water, mixed 
with 4mM 2,6-di-tert-butyl-p-hydroxytoluene (BHT), 100 µM xylenol orange and methanol; 
After incubation, the absorbance of samples and standards was read at 586 nm. 
 
2.6.8 LC/ESI-MS conditions 
 
The LC/MS and LC/MSn studies were conducted in a model 2690 instrument (Waters 
Alliance, Milford, USA) equipped with a pre-column split (Accurate, LC Packings, USA) and 
an Ascentis® Si column (15cm × 1mm, 3μm), and kept at room temperature (22oC). The 
HPLC was coupled to a linear ion trap (LXQ; Thermo Finnigan, San Jose, CA, USA) mass 
spectrometer. Two mobile phases were prepared as follows: mobile phase A 
(acetonitrile/methanol/H2O; 55:35:10 (V/V/V) with 10 mM ammonium acetate) and mobile 
phase B (acetonitrile/methanol 60:40 (V/V) with 10 mM ammonium acetate). Initially, 100% 
mobile phase B was held isocratically for 10 min, followed by a linear increase of mobile 
phase A to 100% within 10min, which was maintained for 25 min. Finally, the mobile phase 
B was brought back to the initial elution conditions in 10 min. Aliquots of 25 μg of total 
phospholipid were diluted in 90 μL of mobile phase B, filtered, and 10 μL were injected into 
the column, using a flow rate of 40 μL.min-1. 
The LXQ was operated in both positive (electrospray voltage +5 kV) and negative 
(electrospray voltage -4.7 kV) modes, at 275 oC capillary temperature and a sheath gas flow 
of 8 U. Normalized collision energyTM (CE) was 27 (arbitrary units) for MS/MS. Data 
acquisition was carried out on an Xcalibur data system (V2.0). Relative quantification of 
individual phospholipid species was achieved by determination of the ratio between the 
area of reconstructed ion chromatogram of a given m/z value against the sum of the 
reconstructed areas considered for each class. 
 
2.6.9 Isolation of phospholipids 
 
Total extracts were dissolved in a mixture of n-hexane, chloroform and methanol (95:3:2) 
and fractionated by solid phase extraction (SPE) using Discovery® DSC-NH2 SPE tubes 
(Supelco) and a Visiprep™ SPE vacuum manifold (Supelco). The tubes were activated with 
n-hexane and the neutral lipids were first eluted with chloroform, followed by elution of free 
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fatty acids through the addition of a mix of diethylether and acetic acid (98:2). PL elution 
was then achieved by the addition of a mix of methanol and chloroform in different 
proportions (first, 6:1 and then 1:1). The extracts are evaporated under nitrogen and the PL 
content was determined by the phosphorus method. 
 
2.6.10 Preparation of liposomes for fluorescence polarization 
 
The lipids extracts dissolved in a chloroform/methanol (1:1) mixture were evaporated to 
dryness under a stream of N2. The dry residues were hydrated at 55 ºC in HBS (10 mM 
HEPES, 100 mM NaCl, pH 7.4) to obtain multilamellar vesicles. 
 
2.6.11 Fluorescence polarization 
 
The fluidity probe 1,6-diphenyl-1,3,5-hexatriene (DPH) in dimethylformamide (DMF) was 
injected into liposome suspensions (100 µM in PL) to obtain a lipid/probe molar ratio of 
400/1 and incubated at 55 ºC for 1 h in the dark. The fluorimetric measurements were 
performed with a Perkin Elmer LS 55B fluorescence spectrophotometer (Perkin Elmer, 
U.S.A), equipped with polarization filters and a thermostated cell holder. The excitation was 
set at 336 nm and the emission at 450 nm (4 and 5 nm band pass). The background 
fluorescence (light scatter) from unlabeled liposome suspensions with equivalent volumes 
of DMF had negligible effects on measurements. The degree of fluorescence polarization 
(P) was calculated according Shinitzky and Barenholz (Shinitzky and Barenholz, 1978), 





where I∥ and I⊥ are the intensities of the emissions parallel and perpendicular to the plane 
of the excitation light, respectively. G is the correction factor for the optical system, given 
by the ratio of vertically to the horizontally polarized emission components when the 
excitation light is polarized in the horizontal direction. 
 
2.6.12 Total RNA extraction 
 
50 mL of exponentially growing yeast cells or in early PDS phase were harvested by 
centrifugation, supernatants removed and the pellets were stored at -80 oC. Total RNA was 
isolated using the acidic hot phenol method. Cell pellets were resuspended in acid 
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phenol/chloroform (Sigma, 5:1, pH 4.7) and TES-buffer (10 mM Tris pH 7.5, 10 mM EDTA, 
0.5% SDS), vortexed and incubated at 65 oC during 1 hour, with vortexing every 10 min. 
Samples were centrifuged for 20 min at 13000 rpm at 4 oC and the water-phase was 
transferred to new microtubes containing phenol/chloroform (5:1, pH 4.7). The last step was 
repeated. Samples were vortexed and centrifuged for 10 min at 13000 rpm at 4 oC and the 
water-phase was transferred to new microtubes containing chloroform/isoamyl alcohol 
(Sigma, 25:1). Tubes were vortexed and centrifuged for 10 min at 13000 rpm at 4 oC. The 
water phase was transferred to new tubes containing sodium acetate (3 M, pH 5.2) and 
100% ice cold ethanol. RNA was precipitated overnight at -30 oC. After precipitation, tubes 
were centrifuged for 5 min at 13000 rpm at room temperature. Then, the supernatant was 
removed, the pellets were washed with 80% ice cold ethanol, and centrifuged for 1 min at 
13000 rpm. Dried RNA pellets were resuspended in milliQ water and stored at -80 oC. 
 
2.6.13 Reverse transcription 
 
The RNA was first treated with DNAse I (amplification grade, InvitrogenTM), followed by 
phenol extraction. Briefly, deionized water and phenol/chloroform/isoamyl alcohol (25:24:1), 
at 4 oC, were added to the treated samples and these were vortexed and centrifuged at 
12000 rpm, at 4 oC, for 10 min. The water phase was transferred to a new microtube and 
chloroform was added. Again, the samples were vortexed and centrifuged. The water phase 
was transferred to new microtubes containing sodium acetate (3M, pH 5.2) and 100% ice 
cold ethanol and left at -80 oC overnight. The pellet was washed with 80% ice cold ethanol 
and centrifuged at 8000 rpm, at 4 oC, for 10 min. The dried pellet was resupended in 
deionized water. The synthesis of cDNA was accomplished by mixing 0.5 µg of RNA, 1 µL 
oligo dT12-18 primer (0.5 µg/µL, Invitrogen), 1 µL 10 mM dNTP mix (Thermo Scientific) and 
deionized water up to 12 µL. The mix was then incubated at 65 oC, for 5 min, left 1 min on 
ice and spun down. Next, 1 µL of RNAse out, 2 µL 0.1 M DTT and 4 µL 5x first strand buffer 
were added and the mix was incubated at 42 oC, for 2 min. Then, 1 µL SuperScriptTM II 
reverse transcriptase (200 U/µL, Invitrogen) was added to each sample and incubated again 
for 50 min. Enzyme inactivation was achieved at 70  oC, for 15 min. Finally, 1 µL of RNAse 
H (2500 U, Nzytech) was added and samples were incubated at 37 oC, for 20 min. The 
negative controls were treated the same way except that 1µL of deionized water was added 
instead of reverse transcriptase. 
 





Real time qPCR was performed in a 7500 system apparatus (Applied Biosystems). The 
reaction mix consisted of 10 μL of KAPA SYBR® FAST Universal 2X qPCR Master Mix, 0.4 
μL of each primer (10 pM final concentration), 6.8 μL of deionized H2O, and 2 μL of a 2-fold 
dilution of the cDNA. The primer sequences used were as follows: for OLE1, 5'-
TGCCAATGTGGGACAAACAA (F), 5'-ACCACCTGGATGTTCAGAGA (R); for ACT1, 5’-
AAGTGTGATGTCGATGTCCG (F), 5’-CCACCAATCCAGACGGAGTA (R). The 
thermocycling program consisted of a holding stage at 95°C for 3 min, followed by 40 cycles 
of 15 seconds at 95°C and 1 min at 60°C. The relative expression ratio was calculated 
according to the mathematical model established by Pfaffl (Pfaffl, 2001): R = 
[Etarget]^[ΔCttarget(control-sample)] / [Eref]^[ΔCtref(control-sample)]. 
 
2.6.15 Quantification of total intracellular reactive oxygen species (ROS) 
 
ROS levels were determined with dihydroethidium (DHE, Sigma) and dihydrorhodamine 
123 (DHR123, Sigma), separately. For both dyes, 5x106 cells were washed and 
resuspended in PBS. Then, A) DHE was added to a final concentration of 10 µg/mL and 
the cell suspension was incubated in the dark for 10 min, at 30°C. The cells were pelleted 
by centrifugation, washed twice with PBS and analyzed by flow cytometry (Coulter Epics 
XL, Beckman Coulter, Hialeah, FL, USA) with excitation/emission settings of 488/≥670nm 
(FL-3 channel), B) DHR123 was added to a final concentration of 15 µg/mL and the cell 
suspension was incubated in the dark for 1 h, at 30°C. The cells were pelleted by 
centrifugation, washed and resuspended in PBS and analyzed with excitation/emission 
settings of 488/525 nm (FL-1 channel). For all samples a minimum of 10000 events were 
counted. Data were acquired with the SYSTEM II software version 3.0 (Coulter Electronics, 
Hialeah, FL, USA) and analyzed with FlowJo software (Tree Star). 
 
2.6.16 Enzymatic activity 
 
For all enzyme activities, yeast cells in post diauxic shift phase were harvested by 
centrifugation for 5 min at 4000 rpm. Cells were then resuspended in 36 mM KPi, pH 7.8 
(SOD) or 50 mM NaKPi, pH 7 (catalase) containing protease inhibitors (complete, mini, 
EDTA-free protease cocktail inhibitor tablets; Boehringer Mannhein). Total protein extracts 
were obtained by mechanical disruption through vortexing of the cell suspension in the 
Effects of mistranslation on the yeast lipidome 
60 
 
presence of zirconium beads for 5 min. Short pulses of 30 s were applied followed by 30 
sec incubation on ice. Cell debris was removed by centrifugation at 13000 rpm for 15 min 
and protein content was determined by the Lowry method, and bovine serum albumin used 
as a standard. To determine cytosolic and mitochondrial superoxide dismutase activity 25 
µg of total protein were loaded into a 10% native PAGE gel, at 4oC. After electrophoresis 
the gel was incubated in 2.5 mM nitro blue tetrazolium solution for 20 min, followed by 
incubation in a development solution (36 mM KPi, pH 7.8, 28 mM TEMED, 86 µM riboflavin) 
for 15 min. Finally, the gel was exposed to a 60 W light until the bands were visible. 
Coomassie staining was used as loading control. To determine cytosolic catalase activity 
80 µg of total protein were loaded into a 7.5% native PAGE gel, at 4oC. After electrophoresis 
the gel was incubated in 2.5 mM horseradish peroxidase solution for 45 min, followed by 
addition of 5mM H2O2 and further incubated for 10 min. After washing, the gel was incubated 
with 50 µg/mL 3,3’-diaminobenzidine (Sigma) until the bands were visible. Coomassie 
staining was used as loading control. 
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Figure S2 - 1: Growth curves (A) and relative growth rates (B). The optical density of yeast cells 
transformed with pRS315, pUA268 and pUA269 was measured until stationary phase. Growth rates 
were determined in the logarithmic phase and normalized to the rate of the control strain. Data 





Figure S2 - 2: Mistranslation decreases protein stability. E. coli β-galactosidase (β-gal) was co-
expressed in yeast cells with pRS315, pUA268 and pUA269. β-gal expression (A, B) was verified by 
western blot with an anti-β-gal antibody. ADH1 was used as loading control. The blot image of 1n 
represents the observations made for the set of biological replicates (A). β-gal activity (B) was 
measured prior to protein denaturation by heat. Data represent the mean ± standard deviation of a 
minimum of three biological replicates. 





Figure S2 - 3: The mutant tRNACGASer is expressed in the host strains. 25 µg of total RNA were 
fractionated on polyacrylamide gel. The mutated tRNACGASer was detected using a ɣ-32P-ATP-
tRNACGASer probe. Ca corresponds to total RNA purified from C. albicans; EV, empty vector; Ser, 
native C. albicans tRNACGASer transformed into S. cerevisiae. Membranes were exposed to a K-










































Figure S2 - 4: Quantification of lipid hydroperoxides. Lipid extracts from logarithmic phase were 
assayed with the FOX II assay. Data were normalized against the averaged values of the control 
strain and are presented as mean ± standard deviation of duplicates of three biological replicates. 
Statistical significance in all experiments was determined by one-way ANOVA, followed by 









Figure S2 - 5: Thermograms of fluorescence polarization (P) of DPH. Liposomes were prepared 
with PL extracts from PDS (A) and logarithmic (B) phases. Membrane fluidity was qualitatively 






Figure S2 - 6: Phospholipid-to-protein ratios are only altered in PDS phase. Total PL were 
quantified after lipid extraction and normalized to the previously determined protein concentration for 
both logarithmic (A) and post-diauxic shift (B) phases. Data were normalized against the averaged 
values of the control strain and presented as mean ± standard deviation of three biological replicates. 
Statistical analysis was performed by two-way analysis of variance (ANOVA) followed by Bonferroni's 
multiple comparison test (*P<0.05). 
 





Figure S2 - 7: HILIC-ESI-MS analysis of PL molecular species of logarithmic phase. Relative 
abundances of PA, PE, PS, LPC and PI molecular species in logarithmic phase are altered. Data is 
normalized against the sum of the reconstructed areas considered for each class and presented as 
mean ± standard deviation of three biological replicates. Statistical analysis was performed by two-
way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test (***P<0.001 
**P<0.01; *P<0.05). 





Figure S2 - 8: HILIC-ESI-MS analysis of PL molecular species of PDS phase. Relative 
abundances of PA, PE, PC and LPC molecular species in post-diauxic shift phase are altered. Data 
is normalized against the sum of the reconstructed areas considered for each class and presented 
as mean ± standard deviation of three biological replicates. Statistical analysis was performed by 
two-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test (***P<0.001 
**P<0.01; *P<0.05).
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Figure S2 - 9: HILIC-ESI-MS analysis of TAG molecular species from logarithmic and PDS phases. Relative abundances of triacylglycerol molecular 
species in logarithmic (A) and post-diauxic shift phase (B) were altered. Data is normalized against the sum of the reconstructed areas considered for each 
phase and presented as mean ± standard deviation of three biological replicates. Statistical analysis was performed by two-way analysis of variance (ANOVA) 
followed by Bonferroni's multiple comparison test (***P<0.001 **P<0.01; *P<0.05). 
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Table S2 - 1: Lipid species identified in the positive mode. All the identified TG, PC and LPC 
molecular species in the whole cell extract are annotated. Data are presented as m/z values (ratios 
of mass to charge) plus the respective sums of carbon atoms (C) and double bonds (N). In bold are 
the very low abundant yeast species identified only in the MS spectra, that have been described 





C:N   
m/z 
[M+H]+ 

















738 42:1  650 26:0  494 16:1 
740 42:0  676 28:1  496 16:0 
764 44:3  678 28:0  522 18:1 
766 44:2  702 30:2  524 18:0 
768 44:1  704 30:1     
790 46:3  706 30:0     
792 46:2  730 32:2     
794 46:1  732 32:1     
796 46:0  734 32:0     
818 48:3  758 34:2     
820 48:2  760 34:1     
822 48:1  786 36:2     
846 50:3  788 36:1     
848 50:2  790 36:0     
850 50:1  
 
      
874 52:3        
876 52:2        
878 52:1        
880 52:0        
902 54:3        
904 54:2         
906 54:1         
908 54:0         
932 56:2         
934 56:1         
936 56:0         
960 58:2         
962 58:1         
964 58:0         
988 60:2         
990 60:1         
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Table S2 - 2: Lipid species identified in the negative mode. The complete list of PS, PG, PE, 
LPE, PI, IPC, MIPC and PA molecular species identified in the MS and MS/MS spectra. Data are 
presented as m/z values (ratios of mass to charge) plus the respective sums of carbon atoms (C) 
and double bonds (N). In bold are the least abundant yeast species identified only in the MS spectra, 




C:N   
m/z 
[M-H]- 
C:N   
m/z 
[M-H]- 



















 450 16:1 
732 32:1  719 32:1  634 28:0  452 16:0 
734 32:0  745 34:2  660 30:1  478 18:1 
760 34:1  747 34:1  686 32:2  
        688 32:1  
        714 34:2  
        716 34:1  
        742 36:2  
















725 26:0   
IP
C





753 28:0   980 36:0;4   645 32:1 
779 30:1   964 36:0;3   671 34:2 




 1098 44:0;3   673 34:1 
805 32:2   1114 44:0;4   675 34:0 
807 32:1   1142 36:0;4   699 36:2 
809 32:0           
833 34:2           
835 34:1           
837 34:0           
861 36:2           
863 36:1           
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2.8  Supplementary methods 
 
2.8.1 Growth curves 
 
Yeast growth curves were obtained from cell cultures grown in 50 mL Erlenmeyer flasks by 
inoculating cultures to an initial OD600=0.02. Cell growth was monitored by measuring OD600 
several time points. Growth rate corresponds to growth of yeast cells in exponential phase 
and was calculated for each mutant tRNA by comparison to the control strain. 
 
2.8.2 β-galactosidase assay 
 
S. cerevisiae strains co-expressing pGL-C1 and either pRS315 (control strain), pUA268 or 
pUA269 were collected in exponential phase, washed and resuspended in PBS 1x. After 
protein isolation (see above), 2.5 µL crude extracts were mixed in 500 µL of Z-buffer (60mM 
Na2HPO4, 40mM NaH2PO.2H2O, 10mM KCl, 1mM MgSO4.7H2O, 50mM 2-
mercaptoethanol, pH 7). For thermal inactivation the mixes were incubated at 52oC for 10 
min to promote β-gal unfolding. Samples were then kept on ice for 30 min for protein 
refolding, after which followed the measurement of β-gal activity. Mixes were incubated at 
37oC, and the reaction was initiated by adding 100 µL of ONPG (4 mg/mL). After 10 min the 
reaction was terminated by adding 250 µL of 1M Na2CO3 and vigorously vortexed. The 
optical density was measured at 420nm and the activity calculated according to the 
following equation: Act=OD420 x 0.85 / (0.0045 x total protein x extract volume x time). OD420 
is the optical density of the product, ο-nitrophenol, at 420 nm; the factor 0.85 corrects for 
the reaction volume; the factor 0.0045 is the optical density of 1 nmol/mL solution of ο-
nitrophenol; protein concentration is expressed in mg/ml; extract volume is the volume 
assayed in mL; time is in minutes; specific activity is expressed as nmol/min/mg protein. 
 
2.8.3 Anti β-gal western blot 
 
S. cerevisiae strains co-expressing pGL-C1 and either pRS315 (control strain), pUA268 or 
pUA269 were collected in exponential phase. Protein isolation was performed as described 
above. Protein extracts (50 µg) were denatured for 5 min at 95oC and separated in 10% 
resolving and 4% stacking acrylamide gels. Proteins were blotted onto a hydrated 
nitrocellulose membrane (Hybond ECL, Amersham) in a Bio-Rad wet transfer system, for 
1h at 4oC. Afterwards, membranes were stained with Ponceau, de-stained and blocked for 
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1h at RT in TBS-T and 5% BSA. Membranes were then incubated overnight at 4⁰C with the 
primary antibody mix comprising the anti-β-gal (1:5000, Invitrogen) and the anti-ADH 
(1:1000, Rockland) in TBS-T and 1% BSA. Membranes were washed in TBS-T and 
incubated with the secondary antibody (anti-rabbit, 1:10000, IFRDye680 LI-COR antibody, 
Odyssey) for 1h at RT. Detection was achieved with an Odyssey infrared imaging system 
(LI-COR Biosciences) and images obtained with the Odyssey v3 software. 
 
2.8.4 Northern blot 
 
25 µg of RNA were resolved in a 15% polyacrylamide gel, containing 8 M urea, at 500 V for 
16 hours. After staining and RNA identification, the section of the gels containing the tRNAs 
was transferred to a nitrocellulose membrane (Hybond N, Amershan) with a Semi-Dry Trans 
Bloting system (Bio-Rad). Nitrocellulose membranes obtained after the polyacrylamide gel 
electrophoresis were subjected to a Northern blot. Probes were prepared by 
phosphorylating 10 pmol of dephosphorylated oligonucleotide, 5’-
TTAACCGCTCGGACAAGTT, with 3 µl of ɣ-32P-ATP (5000 Ci/mmol) (Perkin Elmer) in 1x 
T4 Kinase buffer, 2 µl of 0.1 mM spermidine and 1.5 µl of T4 Kinase (Takara). This reaction 
was carried out by incubating the reactions for 1 h at 37oC. Probes were purified with 100 
µl phenol/chloroform/isoamyl alcohol (25:24:1). Membrane and probes were incubated in 
hybridization solution (6.6x SSPE, 5x Denhardt’s solution, 1% SDS), overnight, at a 
temperature 5 oC lower than the probe melting temperature (Tm). Hybond-N membranes 
were washed with washing solution (2x SSPE, 0.5% SDS), wrapped in a plastic bag and 
exposed for 24 hours to a K-screen and scanned using Molecular Imager FX (Bio-Rad). 
 
 















Mistranslation alters the phospholipid 













3.1  Abstract 
 
The impact of mistranslation on human diseases is still hazy, but several severe 
mitochondrial conditions related to faulty parts of the translation machinery or defective 
protein function are known. Studies in which one specific type of mistranslation was induced 
at a time have shown a variety of phenotypes, including disturbance of mitochondrial 
function and proteotoxic stress. Proteotoxic stress alone triggers alterations in lipid 
metabolism, which is consistent with the observed effects of mistranslation on the 
deregulation of lipid metabolism-related genes. 
Here we assess the impact of mistranslation on the mitochondrial lipidome, particularly 
on its phospholipidome, and correlate the profile changes with organelle functional activity. 
Mistranslation was induced in yeast through a mutated seryl-tRNA that misreads alanine 
and glycine codons. The mitochondria of respiring cells were isolated, its phospholipids 
profiles were characterized and function-related parameters were tested. The data showed 
minor alterations of mitochondrial function and PL species profiles. In particular, there was 
a decrease of complex IV activity in one of the mistranslating strains and an increase in 
oxygen consumption in the other. Altogether, the data suggests that Ser misincorporation 
at Ala and Gly sites is well tolerated by yeast cells. 
 
3.2   Introduction 
 
Protein translation is an accurate, fine-tuned process, involving several quality control 
checkpoints (Reynolds et al., 2010). Still, translation fidelity is a compromise between speed 
and accuracy. The occurrence of errors in protein sequences (mistranslation) above the 
basal error rate of 10-4 errors per codon can affect proteome stability. Erroneous proteins 
may accumulate and the chosen cost-reduction strategy determines whether the final 
protein pool should be kept (tolerated), refolded or destroyed (Drummond and Wilke, 2009). 
Recent studies show that mistranslation can have both negative and positive phenotypic 
outcomes, depending on the organisms and physiological condition (Bacher et al., 2007; 
Bezerra et al., 2013; Fan et al., 2015; Lee et al., 2006; Mateus, 2011; Mateus et al., 2013; 
Nangle et al., 2006; Netzer et al., 2009; Pan, 2013; Pouplana et al., 2014; Simões et al., 
2016). Yet, little is known about the effects of mistranslation on human diseases.  
There are several mitochondrial conditions related to either faulty parts of the translation 
machinery or defective protein function. Function impairment of ten mt-aminoacyl tRNA 
synthetases (aaRS), four mt-tRNA modification enzymes, five mt-ribosomal proteins, five 




translation factors, three mRNA stability factors and translation activators have been 
implicated in different mitochondrial human conditions (reviewed by (Boczonadi and 
Horvath, 2014). Regarding the modification and aminoacylation of tRNAs, the lack of tRNA 
pseudouridylation due to a mutated PUS1 gene (Bykhovskaya et al., 2004) or mutations in 
the TyrRS gene YARS2 (Nakajima et al., 2014; Riley et al., 2010; Sasarman et al., 2012) 
lead to MLASA (mitochondrial myopathy, lactic acidosis, and sideroblastic anemia). 
Mutations in the mtDNA or failure to maintain it, also lead to severe phenotypes, as it 
contains genes coding for respiratory chain subunits, mt-ribosomal RNA and mt-tRNAs 
[Mitomap database, (Brandon et al., 2005; Lott et al., 2013)]. For instance, a mutation in the 
mt-lysil-tRNA gene is associated with impairment of tRNA aminoacylation and modification 
leading to MERRF (myoclonic epilepsy and ragged-red fiber) disease (Enriquez et al., 1995; 
Shoffner et al., 1990; Silvestri et al., 1992; Suzuki et al., 2011). Further, an A-to-G mutation 
(among others) in the mt-leucyl-tRNA gene that hinders the tRNA modification with taurine 
is responsible for 80% of the cases of MELAS (mitochondrial encephalomyopathy, lactic 
acidosis, and stroke-like episodes) disease (Greaves et al., 2012; Suzuki et al., 2011). 
In yeast, misincorporation of serine (Ser) induced proteotoxic stress, prevented growth 
in respiratory media, increased mitochondrial network fragmentation, increased ROS 
production, and deregulated mitochondrial-related genes (Costa, 2012; Mateus, 2011; 
Paredes et al., 2012; Simões, 2013). Increased ROS levels can promote mitochondrial 
dysfunction partly due to mitochondrial phospholipid (PL) oxidation (along with protein and 
mtDNA oxidation), which can impair vital functions (e.g. OxPhos, respiration, maintenance 
of membrane properties) (Ott et al., 2007; Paradies et al., 2014). Mistranslation also 
deregulated genes involved in lipid metabolism (Costa, 2012; Mateus, 2011; Paredes et al., 
2012; Simões, 2013) which is relevant in the context of human diseases since mitochondrial 
dysfunction has been previously linked to lipidome alterations. 
In general, mitochondrial PL play a role in membrane organization (Acehan et al., 2011; 
Joshi et al., 2012), protein function (Gomez and Robinson, 1999; Schwall et al., 2012; 
Sedlák and Robinson, 1999; Sharpley et al., 2006; Stuart, 2008; Wenz et al., 2009), protein-
protein interaction (Arnarez et al., 2013a; Claypool et al., 2008a; Pfeiffer et al., 2003; Zhang 
et al., 2002, 2005), proton trapping and pH maintenance (Haines and Dencher, 2002), and 
apoptosis (reviewed by (Kagan et al., 2009). Cardiolipin (CL) fulfills most of these functions 
and hence is essential for proper mitochondrial function. Mitochondria lacking a functional 
CL transacylase Taz1p have low CL content and CL species with abnormal FA 
combinations, which are characteristic of Barth syndrome (Barth et al., 2004; Schlame and 
Ren, 2006). CL, and other PL, are also essential for proper function and association of the 




respiratory chain complexes. For instance, delipidated complexes recovered activity by 
addition of CL (complex IV) (Sedlák and Robinson, 1999) or a PL mix (complex III) (Gomez 
and Robinson, 1999; Wenz et al., 2009). Further, in CL-deficient cells, stability of and 
cooperation within the respiratory supercomplexes (Arnarez et al., 2013a; Pfeiffer et al., 
2003; Zhang et al., 2002, 2005) and with ADT/ATP carriers (Claypool et al., 2008a) was 
affected. Similarly, loss of the amino acid-CL interaction due to mutation of the CL-binding 
site of the cytochrome bc1 complex (III) led to slow growth on non-fermentable carbon 
sources (Lange et al., 2001) and destabilization of the respiratory supercomplexes (Arnarez 
et al., 2013a; Wenz et al., 2009). 
Here we evaluate possible changes in the mt-phospholipidome of two mistranslating 
yeast strains through a combined lipidomic approach (HILIC-ESI-MS, TLC and GC-MS), 
and further examine mitochondrial function. These strains randomly misincorporate Ser at 
Ala or Gly sites due to the expression of a mutated seryl-tRNA gene. We show here that 
these two types of misincorporation lead to different phenotypes in mitochondria. 
 
 
3.3   Results and Discussion 
 
3.3.1 Evaluation of PL by class and FA profile determination 
 
In order to obtain an approximation of variation of the PL content, the mitochondrial PL 
content extracted was normalized to the mitochondrial protein concentration. The PL-to-
protein ratios in mitochondria were not significantly altered (figure 3-1), indicating that there 
were no major alterations in overall mitochondrial content. We then proceeded to verify 
whether there were alterations in PL classes and FA relative contents. Mitochondrial PL 
classes were first separated according to polarity by TLC in order to evaluate if amino acid 
misincorporation affected the relative content of PL classes. The PL classes identified were 
LPC, IPC and MIPC, PC, PI, PS, PE, PA and CL. Each class was quantified by performing 
the phosphorus assay. PC and PE were the most abundant classes (~26%), as seen 
elsewhere (Meer et al., 2008; Tuller et al., 1999); CL and PS abundances were similar, 
around 12%; PI, PA, LPC and (M)IPC classes average abundances were below 10%. The 
relative abundance of the PL classes of the mistranslating strains was similar to that of the 
control strain (figure 3-2). 
 






Figure 3 - 1: Phospholipid-to-protein ratios of mitochondria from mistranslating cells. Total 
PL were quantified after lipid extraction and normalized to the previously determined protein 
concentration. The presented ratios were normalized against the control strain respective value and 
presented as mean ± standard deviation of three biological replicates. Statistical analysis was 







Figure 3 - 2: The profiles of phospholipid classes were unchanged in the mitochondria of 
mistranslating yeast cells. Data were normalized against the sum of all values determined for each 
condition and are presented as mean ± standard deviation of two biological replicates. Statistical 
analysis was performed by two-way analysis of variance (ANOVA) followed by Bonferroni's multiple 
comparison test. 




Further characterization of the mitochondrial lipids was achieved by analyzing their FA, 
through FAME derivatives. In total, 12 FA were identified: C12:0, C14:0, C14:1, C16:0, 
C16:1, C18:0, 9c-C18:1, possibly 9t-C18:1, C20:0, C22:0, C24:0 and C26:0. Palmitoleic 
acid (C16:1) was the most abundant FA in all strains (~34%). The second most abundant 
was oleic acid (9c-C18:1) (27-29%), closely followed by palmitic acid (16:0) (24-25%). 
Stearic acid (18:0) was much less abundant (9-11%). The abundance of the remaining FA, 
dodecanoic (C12:0), tetradecanoic (C14:0), tetradecenoic (C14:1) and (possibly) elaidic (9t-
C18:1) acids was below 2% (table 3-1). The obtained FA profiles of the two mistranslating 
and control strains were similar and there were no significant differences between them. 
 
 
Table 3 - 1: FA relative abundances of mitochondria from mistranslating yeast cells. Changes 
in FA profiles of control and mistranslating strains during PDS phase. Data are normalized to total 
peak area and presented as mean ± standard error of 2 biological replicates. Two-way analysis of 
variance (ANOVA) followed by Bonferroni's multiple comparison test were performed. 
 
FA Control Ser-tRNAAla Ser-tRNAGly 
12:0 0.45 ± 0.06 0.33 ± 0.03 0.29 ± 0.09 
14:0 1.27 ± 0.22 1.25 ± 0.08 0.96 ± 0.04 
14:1 0.24 ± 0.04 0.24 ± 0.01 0.17 ± 0.02 
16:0 25.04 ± 0.44 24.39 ± 0.07 25.46 ± 0.88 
16:1 34.05 ± 2.17 33.20 ± 0.35 34.24 ± 2.50 
18:0 8.58 ± 0.47 8.94 ± 0.26 10.90 ± 0.85 
18:1-n9c 28.55 ± 1.69 29.30 ± 0.91 26.50 ± 0.63 
18:1-n9 1.07 ± 0.14 0.94 ± 0.13 0.72 ± 0.05 
26:0 0.74 ± 0.03 1.41 ± 0.01 0.77 ± 0.15 
∑SatFA 36.08 ± 0.67 36.32 ± 0.42 38.38 ± 1.93 




3.3.2 Assessment of PL species profiles in mitochondria 
 
The HPLC-MS/MS analysis allowed the identification and relative quantification of the 
profiles at the molecular level of the PL classes PC, PE, PG, PI, PS, PA and CL, as well as 
LPC and LPE species. PC and LPC species were analyzed in the positive-ion mode 
considering [M+H]+ ions. The remaining PL were analyzed in negative-ion mode which 
showed the formation of [M–H]− ions. Species confirmation was carried by analyzing MS2 




spectra. A list of all the identified species can be found in tables S3-2 and S3-3. The 
abundance of the molecular species of PE, LPE and LPC classes was not significantly 
altered in any mistranslating strain and thus, will not be mentioned further. 
The differences in PL molecular species were mainly observed in the Ser-to-Gly strain, 
when compared to the control strain (figure 3-3, table S3-1). The former had a significantly 
reduced abundance of PS (34:1) (-17%), PI (34:1) (-4%) and PG (34:1) (-7%) species, and 
increased abundance of PC (32:1) (+2%), PI (32:1) (+5%) and PG (32:1) (+7%) species. 
Hence, the general trend was to find more short chain FA. These results could potentially 
be explained by alterations in CDP-DG composition or of its PA precursor, meaning that if 
specific CDP-DG species were introduced with an abnormal FA composition into the de 
novo PL synthetic pathway, the downstream synthesized molecules would reflect its 
composition. This might explain the overall profile alterations of PI, PG and PS, which are 
the first PL of each branch deriving directly from CDP-DG. 
There was also an increase of the relative content of the CL species with shorter and 
more saturated FA chains (52:0, 58:1, 60:2, 60:1) and a reduction of three of the CL species 
with longer and less saturated FA chains (66:4, 68:4, 68:3). To our knowledge, this is the 
first description of CL 52:0 in yeast. As depicted in figure 3-4, PG is the immediate 
biosynthetic precursor of CL, and both are synthesized exclusively in mitochondria. The 
importance of the link between both PL has already been stressed by studies showing that 
PG can partly replace CL functions in CL-deficient cells and PG abundance varies 
proportionally to CL’s (Baile et al., 2014b; Claypool et al., 2008a; Zhang et al., 2002). 
However, apart extreme cases like null mutants, PG species are quickly exhausted to form 
CL and a direct connection is not easily established. Additionally, most CL species seem to 
undergo remodeling, meaning their original FA composition is changed. In fact, our analysis 
showed that the CL species (66:4), (68:4) and (68:3) were mainly comprised, according to 
the MS2 spectrum, of C16 and C18 FA chains, whereas the CL species (52:0), (58:1), (60:2) 
and (60:1) presented also many C12 and C14 chains. Remodeling is well studied in yeast 
and occurs by the sequential action of Cld1p, a phospholipase, and Taz1p, an 
acyltransferase (figure 3-4). It was verified elsewhere that an impaired Cdl1p in yeast does 
not change its lipid class profile but alters CL molecular species (Baile et al., 2014b), 
whereas the deletion of TAZ1 leads to accumulation of MLCL (Baile et al., 2014b; Claypool 
et al., 2008b). In humans, Barth syndrome underlines the importance of Taz1p to the limit, 
showing that its impairment harshly affects mitochondrial homeostasis by reducing CL 
levels and presenting less molecular species with unsaturated FA (Barth et al., 2004; 
Schlame and Ren, 2006). Our observations of the CL profile also show a reduction in the 




relative abundance of species with more unsaturated chains, though not in the CL class 
itself, and therefore remodeling may be altered in the Ser-to-Gly strain. 
Regarding the Ser-to-Ala strain, only a reduction of CL (66:4) and (66:3) species was 
observed, and the latter was exclusive of this strain. Thus, the mitochondrial PL profile of 
this strain was poorly affected. This is surprising because previous studies in which this 
strain was used showed more alterations than in the Ser-to-Gly strain, in terms of the whole-









Figure 3-3 ► 
 




Figure 3 - 3: The PL molecular species profiles of mitochondria from mistranslating strains. 
The statistically relevant molecular species of PS (A), PC (B), PI (C), PG (D) and CL (E) identified 
after comparison of phospholipidomes analyzed by HPLC-MS in negative mode (A, C, D, E) and 
positive mode (B) are shown. PL molecular species are identified as C:N (carbon number:number of 
double bonds). Data were normalized against the sum of all the reconstructed areas for each class 
and presented as mean ± standard deviation of two biological replicates. Statistical analysis was 
performed by two-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison 






Figure 3 - 4: The CL biosynthetic pathway in yeast. The ERMES complex approaches the ER 
and mitochondria allowing ER-synthesized PA to translocate to mitochondria. PA is converted to 
CDP-DG by Tam41p on the matrix-facing leaflet of the IM, which is then used to generate PGP by 
Pgs1p. PGP is dephosphorylated to PG by Gep4p. Next, PG and one CDP-DG molecule are 
condensed to form unremodeled CL by Crd1p. CL is deacylated by Cld1p on the matrix-facing leaflet 
of the IM, forming MLCL. The acyltransferase Taz1p present in both IM and OM acts upon MLCL 
thus regenerating CL. The mechanisms by which MLCL is relocated to IMS-facing leaflet of both IM 
and OM is still unknown. After multiple rounds of deacylation/reacylation CL is distributed on both 
leaflets of the IM and OM. The question mark signifies that although possible, the CDP-DG from the 
ER relocates very inefficiently to mitochondria. ER/MAM, ER/mitochondrial associated membrane; 
ERMES, ER–mitochondria encounter structure; IM, inner membrane; OM, outer membrane. 
 
 




3.3.3 Mitochondrial respiratory chain is altered in the mistranslating strains 
 
The alterations in the CL profile suggested that mitochondrial function might be affected. 
Possible origins for the alterations in the phospholipidome were identified above but not 
their biological relevance. Therefore, we checked MRC-related parameters: oxygen 
consumption rates and COX (complex IV) activity, and also ubiquinone biosynthesis 
alterations by assaying the expression of COQ5 (figure 3-5). 
Indeed, COX activity was diminished by 18% only in the Ser-to-Gly strain (figure 3-5 B) 
which could be connected to the changes in the PL species profiles. It cannot be excluded 
that Ser-to-Gly mistranslation may affect the pool of nuclear-encoded COX subunits, whose 
misfolding may prevent them from reaching or accommodating into the mitochondrial 
membrane. This would lead to a reduction of COX density in the membrane but the PL-to-
protein ratios do not suggest so, although there was high variability among replicates. Yeast 
relies entirely on COX for aerobic respiration, whose function depends on CL (Arnarez et 
al., 2013b; Sedlák and Robinson, 1999). Curiously, the respiration rate of this strain was 
not altered relative to the control strain (figure 3-5, A), suggesting that the reduction in COX 
activity per se is insufficient to alter ETC efficiency. On the other hand, COX is the last 
complex of the ETC and receives electrons from cytochrome c, first reduced by complex III 
(bc1). Crystallographic and in silico studies have shown that complexes III and IV have 
several PL-binding pockets (Arnarez et al., 2013a, 2013b; Lange et al., 2001; Shinzawa-
Itoh et al., 2007). Some of the identified PL, i.e. CL, were proven to facilitate cooperation 
between proteins within the same complex and even to increase efficiency of respiration by 
approaching different complexes, thus facilitating the assembly of supercomplexes, namely 
III2-IV1-2 (Baile et al., 2014b; Claypool et al., 2008a; Pfeiffer et al., 2003; Wenz et al., 2009; 
Zhang et al., 2002, 2005). Thus, the enzymatic activity in mitochondrial membranes can be 
either reduced or enhanced by the surrounding PL and in our Ser-to-Gly mistranslating 
strain we observed changes in 5 PL classes. It is possible that there is compensation along 
the MRC in order to maintain function. 
The strain misincorporating serine at alanine codons showed barely any changes in its 
phospholipidome and thus mitochondrial function was not expected to be impaired by PL. 
In accordance to the expected, the COX activity was unchanged. However, it was curious 
that the respiration rate was elevated by 23% in comparison to the control strain. We have 
observed previously a reduction of total intracellular ROS, though the superoxide anion 
alone was not significantly reduced (chapter 2). In yeast similar phenotypes were observed 
upon growth in media lacking sufficient glucose (caloric restriction) (Barros et al., 2004; 




Tahara et al., 2007). In this case, it was suggested that electron transport rate increases, 
becomes more efficient, and hence reduces electron leakage and/or the available oxygen 
concentration. This could then lead to lower production of ROS. Additionally, mild 
uncoupling mimics caloric restriction (Barros et al., 2004). Therefore, we speculate that the 
stress induced in our Ser-to-Ala strain might be activating a similar mechanism. 
Finally, we tested COQ5 gene expression, involved in the lipid ubiquinone or coenzyme 
Q (CoQ) synthesis. CoQ is a lipid present in all membranes, though it is more abundant in 
mitochondria and Golgi vesicles (Bentinger et al., 2007). In mitochondria, ubiquinone acts 
as an antioxidant, and more importantly, as a mobile electron carrier in the ETC. The 
enzymes involved in biosynthesis of this lipid are located mainly peripherally to the IM of 
mitochondria and were well studied in yeast. Therefore, changes in its biosynthetic pathway 
can provide indirect evidence of mitochondrial function. The enzymes participating in the 
biosynthetic pathway are thought to assemble into a multi-subunit complex (Kawamukai, 
2015; Tran and Clarke, 2007) and alterations in one single protein may influence the 
structure of the entire complex and its function (Baba et al., 2004; Hsieh et al., 2007; 
Kawamukai, 2015; Lohman et al., 2014; Marbois et al., 2009; Tran and Clarke, 2007). 
Although best studied in yeast, the function of several enzymes and order of reactions in 
the CoQ biosynthetic pathway is still unclear. Therefore, we tested the COQ5 gene, whose 
function, substrate and 3D structure have been determined. The expression of COQ5 







Figure 3-5 ► 




Figure 3 - 5: Mitochondrial function is altered in mistranslating yeast. Respiration rates (A) were 
measured in intact cells. cytochrome c oxidase – complex IV – activity (B) was measured 
spectrophotometrically. Gene expression of COQ5 gene (C) was determined by quantitative real-
time PCR. Target/reference ratios were calculated using the mathematical model determined by 
Pfaffl (2001). Actin was used as the reference gene. Data are expressed as mean values ± standard 
deviation of three biological replicates, relative to the control strain values. Statistical analysis was 




The observed COQ5 mRNA upregulation could be due to several scenarios. One might 
be that proteins of the CoQ pathway may be mistranslated and misfolded. As depicted in 
table 3-2, all essential enzymes in yeast’s ubiquinone biosynthetic pathway, with the 
exception of Coq4p, have conserved Ala (GCA) and/or Gly (GGA) residues. Therefore, their 
function may be compromised if some of these residues are replaced by Ser. 
 
 
Table 3 - 2: Essential proteins of the yeast ubiquinone biosynthetic pathway. The length of 
each protein is depicted here (aa), together with the number of alanine (GCA) and glycine (GGA) 
residues, plus the number of amino acids that are positioned in conserved (Con) regions. Amino acid 
conservation in the Coq5p was determined elsewhere (Dai et al., 2014). The amino acid conservation 
of the remaining proteins was determined after sequence alignment with C. elegans, D. 



























ll Ala GCA 9 11 2 11 3 15 8 13 3 10 1 




 Ala GCA 4 1 1 0 0 5 3 3 0 1 1 
Gly GGA 1 2 2 0 3 1 0 3 1 4 0 
 
 
A Coq5p mutant obtained through a Gly120 (GGG) substitution in a conserved region 
revealed loss of enzyme activity (Baba et al., 2004). Coincidentally, the next conserved 
residue is Gly121 (GGA) possibly recognized by our chimeric tRNA and thus, similar 
defective proteins could be synthesized in our Ser-to-Gly strain. In that study, protein and 




mRNA levels of Coq5, Coq3 and Coq4 were unchanged, suggesting that the demand for 
this protein must be high in our Ser-to-Gly strain. Another possibility might be a potential 
need for pathway up regulation, which could be due to alterations in MRC. Unfortunately, 
we can only postulate that OxPhos function is altered, and that this strain can possibly 
compensate such alteration by increasing the amount of ubiquinone available, since it is an 
essential electron carrier. Additionally, an increment of ubiquinone amongst mitochondrial 
membranes could increase membrane fluidity (Bentinger et al., 2007) and destabilize 
protein-protein and protein-lipid interactions. Moreover, the alterations observed in PL 
molecular species may also interfere with the interaction between the Coq proteins, and 
protein stability can be disturbed due to reduced protein-lipid interaction, as seen elsewhere 
for Coq9p (Lohman et al., 2014). Finally, it is unlikely that the antioxidant activity of reduced 
ubiquinone is the cause of COQ5 upregulation. We have seen before (chapter 2) that the 
activities of mtSOD, cytosolic SOD and catalase were not altered and that there was no 
significant lipid peroxidation nor ROS augmentation. 
 
3.4  Conclusion 
 
In this study we have evaluated the impact of two types of amino acid misincorporation in 
the mitochondrial phospholipidome and investigated if it impacted mitochondrial function. 
Here, as observed before in our lab, different types of misincorporation lead to different 
phenotypes. The strains tested appear to be fairly adapted to constitutive stress, showing 
slight but consistent changes. Yet, we emphasize that the type of stress induced in our 
strains can affect random proteins including regulatory elements that affect more than one 
pathway. Future studies should be pursued to clarify the connection between lipid molecular 
species’ profiles disruption and mitochondrial function. 
  






3.5.1 Strains and growth conditions 
 
The Saccharomyces cerevisiae SY991 strain (EUROSCARF acc. no. Y40001; genotype: 
MATa; ura3Δ 0; his3Δ 1; leu2Δ 0; trp1Δ 63; ade2Δ 0; lys2Δ 0; ADE8) was transformed with 
one of the following plasmids: pRS315 (control strain), pUA268 or pUA269 (Mateus, 2011). 
In brief, pUA plasmids are derived from pRS315 and contain a genomic DNA fragment of 
150bp encoding the C. albicans tRNATGASer gene, which anticodon was mutated to TGC 
(alanine) or TCC (glycine), corresponding to pUA268 and pUA269, respectively. 
Transformations were performed using the Liac/SS carrier DNA/PEG method (Gietz and 
Woods, 2002) with minor alterations. For further details go to section 2.5.1. 
For the analysis of mitochondrial morphology, yeast cells were transformed with a 
plasmid expressing mitochondrial DsRed (pYX222-mtDsRed, (Schauss et al., 2006) and 
grown in selective minimal medium. 
 
3.5.2 Isolation of mitochondria 
 
Mitochondria were isolated from yeast cells grown to PDS phase on selective medium 
by differential centrifugation as described elsewhere (Daum et al., 1982).  For highly pure 
mitochondria, a Percoll gradient purification was performed. For that goal, isolated 
mitochondria were layered on top of a self-forming gradient – 25% Percoll in an SEM buffer 
(250 mM sucrose, 1 mM EDTA and 10 mM MOPS, pH 7.2) – and centrifuged (80000 g, 45 
min, 4 °C) (Graham and Graham, 2001; Walther et al., 2009). Mitochondrial fraction was 
collected and resuspended in 30 mL of SEM buffer and re-isolated by centrifugation (15000   
g, 15 min, 4 °C). Purity was confirmed by analysis of protein by SDS-PAGE and 
immunoblotting using the enhanced chemiluminescence (ECL) system. Protein 
concentration was determined by the Bradford method (Bradford, 1976). 
 
3.5.3 Lipid Extraction 
 
Isolated mitochondria suspensions were thawed the volume was filled up to 1 mL with 
ultra-pure distilled water. Total lipids were extracted according to the Bligh and Dyer method 
(Bligh&Dyer 1959) as described in section 2.5.3. 




3.5.4 Phospholipid quantification 
 
Quantification of the total amount of PL, as well as amounts of each PL class separated 
by TLC, was carried out with the phosphorus assay (Bartlett and Lewis, 1970) in nitric acid-
treated glassware. To quantify the total PL extract, 10 μL of each sample in duplicate were 
dried under a nitrogen flow, while quantification of the different classes separated by TLC, 
started by scraping the silica off the TLC plates directly to the quantification tubes. The 
quantity of phosphorus in the standards ranged from 0.1 to 2 μg. In brief, 125 μL of 65-70% 
perchloric acid were added to samples and standards, and the former were then incubated 
for 1 h at 200 oC. Then, 825 μL of ultra-pure water, 125 μL of a 2.5% (W/V) sodium 
molybdate solution, and 125 μL of a 10% (W/V) ascorbic acid solution were added 
sequentially to samples and standards, with intense vortexing in between additions.  Finally, 
samples and standards were incubated for 10 min at 100 oC, cooled down on ice, and the 
absorbance was measured at 797 nm, at room temperature. The samples containing silica 
particles obtained from TLC spots were spun down for 5 min at 4000 rpm before 
spectrophotometric determination. 
The relative abundance (%) of each PL class was calculated by relating the amount of 
PL in each spot to the total amount of PL in the sample. 
 
3.5.5 Separation of phospholipids classes by Thin Layer Chromatography 
 
PL classes from the mitochondrial lipid extract were separated by thin layer 
chromatography (TLC) using silica gel plates with a concentrating zone 2.5x20 cm (Merck, 
Darmstadt, Germany), as described in section 2.5.5. 
 
3.5.6 Analysis of fatty acid profiles by gas chromatography-MS 
 
Fatty acid profiles were evaluated by the analysis of fatty acid methyl esters (FAME) 
obtained by transesterification (Aued-Pimentel et al., 2004). Briefly, 1 mL of hexane was 
added to 15 μg of dried phospholipid extract. FAMEs were obtained by sequentially adding 
200 μL of 2 M KOH in methanol and 2 mL of saturated NaCl solution, followed by intense 
vortexing in between. After centrifugation, the organic phase was collected and dried under 
a nitrogen stream. The resulting FAMEs were dissolved in hexane prior to injection and 
analyzed in an Agilent Technologies 6890N Network gas chromatograph (Santa Clara, CA) 
equipped with a DB-FFAP column with 30 m of length, 0.32 mm of internal diameter, and 




0.25 µm of film thickness (J&W Scientiﬁc, Folsom, CA). The GC was connected to an Agilent 
5973 Network Mass Selective Detector operating with an electron impact mode at 70 eV 
and scanning the range m/z 50-550 in a 1s cycle in a full scan mode acquisition. The initial 
oven temperature was 80 oC, the first ramp rate was 25 °C.min-1 to 160 °C, then from 160 
to 210 °C at 2 oC.min-1, and finally until 250 °C at 30 °C.min-1. The injector and detector 
temperatures were 220 and 250 °C, respectively. Helium was used as carrier gas at a flow 
rate of 1.4 mL.min-1. FAMEs were identified by comparison of spectra with those available 
in the Wiley275 database and the FAME archive from AOCS Lipid Library. The relative 
amounts of FAs were calculated by the percent area method, considering the sum of areas 
of the identified FAs. The very low abundant FA were excluded from data processing and 
subsequent statistical analysis. 
 
3.5.7 LC/ESI-MS conditions 
 
For mitochondrial lipid extracts two mobile phases were prepared as follows: mobile 
phase A (acetonitrile:methanol:H2O; 50:25:25 (V/V/V) with 10 mM ammonium acetate) and 
mobile phase B (acetonitrile:methanol 60:40 (V/V) with 10 mM ammonium acetate). Initially, 
100% mobile phase B was held isocratically for 8 min, followed by a linear increase of 
mobile phase A to 60% within 7 min, which was maintained for 22 min. Finally, the mobile 
phase B was brought back to the initial elution conditions in 10 min. Aliquots of 25 μg of 
total phospholipid were diluted in 90 μL of mobile phase B, sonicated, filtered, and 5 μL 
were injected into the column. 
The LXQ was operated in both positive (electrospray voltage +5kV) and negative 
(electrospray voltage -4.7kV) modes, at 275oC capillary temperature and a sheath gas flow 
of 8U. Normalized collision energyTM (CE) was 27 (arbitrary units) for MS/MS. Data 
acquisition was carried out on an Xcalibur data system (V2.0). Relative abundances were 
determined by the ratio between the area of reconstructed ion chromatogram of a given m/z 
value against the sum of the reconstructed areas for each class. 
 
3.5.8 Enzymatic activity 
 
Yeast cells in post diauxic shift phase were harvested by centrifugation for 5 min at 4000 
rpm. Cells were then resuspended in 40 mM KPi, pH 6.7 plus 0.5% tween 80 containing 
protease inhibitors (complete, mini, EDTA-free protease cocktail inhibitor tablets; 
Boehringer Mannhein). Total protein extracts were obtained by mechanical disruption 




through vortexing of the cell suspension in the presence of zirconium beads for 5 min. Short 
pulses of 30 sec were applied followed by 30 sec incubation on ice. Cell debris was removed 
by centrifugation at 3000 rpm for 3 min at 4oC and protein content was determined by the 
Lowry method, and bovine serum albumin used as standard. To determine cytochrome 
oxidase activity 150 µg of total protein were added to the reaction mix (974µL 40 mM KPi, 
pH 6.7, 10µL of 5 mM cytochrome c and 6 µL of 1M Na2S2O4), mixed by inversion and OD550 
was monitored for 90 sec, after a 10 sec lag phase. Activity was calculated according to the 
following equation: U/mg = (ΔA/min)/(ε x V x Cprotein), where ε of the reduced cytochrome c  
is 28 mM-1cm-1. 
 
3.5.9 Oxygen consumption 
 
Cells in post diauxic shift were collected and 3x108 cells in 1x PBS buffer (pH 7.4). 
Oxygen consumption rates were measured with an oxygen electrode (Oxygraph, 
Hansatech), at 30oC.  Data was analyzed using the Oxyg32 V2.25 software. The final 
respiratory rates were calculated by subtracting each KCN-insensitive respiration rate. 
 
3.5.10 Total RNA extraction 
 
50 mL of exponentially growing yeast cells or in early PDS phase were harvested by 
centrifugation, supernatants removed and the pellets were stored at -80 oC. Total RNA was 
isolated using the acidic hot phenol method, as described in section 2.5.12. 
 
3.5.11 Reverse transcription 
 
The RNA was first treated with DNAse I (amplification grade, InvitrogenTM), followed by 




Real time qPCR was performed in a 7500 system apparatus (Applied Biosystems). The 
reaction mix consisted of 10 μL of KAPA SYBR® FAST Universal 2X qPCR Master Mix, 0.4 
μL of each primer (10 pM final concentration), 6.8 μL of deionized H2O, and 2 μL of a 2-fold 
dilution of the cDNA. The primer sequences used were as follows: for COQ5, 5' 
TACCAACAGTGGGCTAAGGT (F), 5' AAACTTTCGTAGCCAGCAGA (R); for ACT1, 5’-




AAGTGTGATGTCGATGTCCG (F), 5’-CCACCAATCCAGACGGAGTA (R). The 
thermocycling program consisted of a holding stage at 95°C for 3 minutes, followed by 40 
cycles of 15 seconds at 95°C and 1 minute at 60°C. The relative expression ratio was 
calculated according to the mathematical model established by (Pfaffl, 2001): R = 
[Etarget]^[ΔCttarget(control-sample)] / [Eref]^[ΔCtref(control-sample)]. 
 
3.5.13 Protein sequence analysis 
 
Homologous sequences were obtained through the YeastMine predefined query "Gene 
to Non-fungal & S. cerevisiae homologs". The hits considered positive by at least three 
databases or those undoubtedly verified elsewhere to be homologous to our study species 
were used, after comparison of NCBI and Ensembl hits. All sequences were downloaded 
from the NCBI database (http://www.ncbi.nlm.nih.gov) and are presented in the following 
order Coq1-8p, Arh1p and Yah1p; n.h., no homologue): S cerevisiae (NP_009557.1, 
NP_014439.3, NP_014545.2, NP_010490.1, NP_011771.1, NP_014768.2, NP_011396.1, 
NP_013302.1, NP_010664.3, NP_015071.1), C. elegans (NP_491588.1, NP_871684.1, 
NP_001041045.1, NP_491246.4, NP_505415.2, NP_498128.1, NP_498014.2, n.h., 
NP_502573.1, NP_502861.1), D. melanogaster (NP_733425.1, NP_649789.1, 
NP_610092.2, NP_730270.1, NP_608934.1, NP_651967.2, NP_572836.1, NP_724594.1, 
NP_477150.1, NP_523993.1), D. rerio (NP_001017656.1, NP_001082955.1, 
NP_001002620.1, NP_001108192.1, NP_001038869.1, NP_001076480.1, 
NP_001002728.2, NP_001092216.1, n.h., NP_001070132.1), H. sapiens (NP_055132.2, 
NP_056512.5, NP_059117.3, NP_057119.2, NP_872282.1, NP_057222.2, NP_064632.2, 
NP_064708.1, NP_001244941.2, NP_001026904.2) and M. musculus (NP_062374.2, 
NP_082254.2, NP_766275.1, NP_848808.1, NP_766170.2, NP_034070.1, NP_075830.2, 
NP_080728.1, NP_032023.1, NP_001034913.1). Multiple sequence alignments were 
performed with ClustalO 1.2.1 (http://www.ebi.ac.uk/Tools/msa/clustalo/). The alignment 
data were introduced in ESPript (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi), and the 
default parameters were used (% equivalent; global score 0.7). 
 




3.6 Supplementary data 
 
Table S3 - 1: Summary of the changed molecular species within PL classes of mistranslating 
yeast strains. 
 
 Ser-tRNAAla Ser-tRNAGly 
PS 34:1 =  
PC 32:1 =  
PI 32:1 =  
PI 34:1 =  
PG 32:1 =  
PG 34:1 =  
CL 52:0 =  
CL 58:1 =  
CL 60:2 =  
CL 60:1 =  
CL 66:4   
CL 66:3  = 
CL 68:4 =  




Table S3 - 2: Mitochondrial lipid species identified in the positive mode. All the identified PC 
and LPC molecular species in the whole cell extract are annotated. Data are presented as m/z values 
(ratios of mass to charge) plus the respective sums of carbon atoms (C) and double bonds (N). In 
bold are the very low abundant yeast species identified only in the MS spectra, that have been 

















650 26:0  494 16:1 
676 28:1  496 16:0 
678 28:0  522 18:1 
702 30:2  524 18:0 
704 30:1  
706 30:0  
730 32:2  
732 32:1  
758 34:2  
760 34:1  
786 36:2  
788 36:1  
790 36:0  
 




Table S3 - 3: Mitochondrial lipid species identified in the negative mode. The complete list of 
PS, PG, PA, PE, LPE, PI and CL molecular species identified in the MS and MS/MS spectra. Data 
are presented as m/z values (ratios of mass to charge) plus the respective sums of carbon atoms 
(C) and double bonds (N). In bold are the least abundant yeast species identified only in the MS 
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[M-H]- 











606 26:0  
P
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732 32:1  632 28:1  753 28:0  1261 58:3 
758 34:2  634 28:0  779 30:1  1263 58:2 




417 32:2  660 30:1  805 32:2  1289 60:3 
719 32:1  662 30:0  807 32:1  1291 60:2 
745 34:2  686 32:2  809 32:0  1293 60:1 




643 32:2  714 34:2  835 34:1  1319 62:2 
645 32:1  716 34:1  837 34:0  1321 62:1 
671 34:2  742 36:2  861 36:2  1343 64:4 
673 34:1  744 36:1  863 36:1  1345 64:3 





424 14:0  865 36:0  1347 64:2 
    450 16:1      1371 66:4 
    452 16:0      1373 66:3 
    478 18:1      1399 68:4 
            1401 68:3 
            1427 70:4 
            1429 70:3 
            1455 72:4 
            1457 72:3 
 





Figure S3-1 ► 






Figure S3 - 1: The PL molecular species profiles of mistranslating yeast mitochondria are altered. The molecular species of PI, PC, PE, 
PS, LPE, LPC, PG and CL were analyzed by HPLC-MS in negative mode (PI, PE, PS, LPE, PG, CL) and positive mode (PC and LPC) are shown. 
PL molecular species are identified as C:N (carbon number:number of double bonds). Data were normalized against the sum of all the 
reconstructed areas for each class and presented as mean ± standard deviation of two biological replicates. Statistical analysis was performed 
by two-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test (***P<0.001 **P<0.01; *P<0.05). 






Figure S3 - 2: Example of MS2 spectra of ion 1183 [M-H]-. Two PA (purple and blue) and their 
associated fragments are shown. The values 56 and 136 correspond to the PA plus glycerol, and PA 






























Mistranslation in standard growth conditions is mainly detrimental to cell fitness and 
many deleterious phenotypes have been reported in different species. However, 
experimental evolution of yeast mistranslating strains has shown high adaptation capacity 
to this constitutive stress, which is partly due to genome mutations in specific genes, namely 
in deubiquitination-related genes that result in increased proteasome activity. In this study, 
we investigated the mutational spectrum in strains that misincorporate Ser at Ala and Gly 
sites. The strains were evolved to a maximum of 250 generations and the genomes of both 
evolved and non-evolved strains were sequenced. Our results showed a small set of point 
mutations in all strains. The Ser-to-Ala strain eliminated the mutant tRNA gene before 
reaching the first control point and, therefore, was excluded from the study, whereas the 
Ser-to-Gly strain eliminated the tRNA gene after 100 generations. The strain expressing an 




The development of next-generation sequencing (NGS) methods improved the field of 
genomics and allowed planning of large-scale genomic research. 
NGS is highly valued to characterize genomes of yeast and bacterial strains. In 
particular, sequencing the genomes of Saccharomyces spp has boosted multiple research 
projects, namely those aimed at studying meiotic and mitotic recombination (Magwene et 
al., 2011; Qi et al., 2009); determining the differences between lab and wild strains (Liti et 
al., 2009; Magwene et al., 2011); characterizing and comparing industrial strains (Argueso 
et al., 2009; Borneman et al., 2011; McIlwain et al., 2016; Novo et al., 2009); detecting 
adaptive mutations (lab evolved strains) (Lynch et al., 2008); understanding evolutionary 
studies (Scannell et al., 2011). 
S. cerevisiae’s genome has around 12 Mb, is organized in 16 chromosomes (haploid) 
and has 5915 genes, of which 756 ORFs are still uncharacterized (Cherry et al., 2012). S. 
cerevisiae strains genetic diversity has been suggested to be principally organized by 
geography, rather than ecological niche (Cromie et al., 2013; Liti et al., 2009). Adding to 
genomic variation are occurrences like interspecies hybridization (Dunn et al., 2012; Libkind 
et al., 2011; Muller and McCusker, 2009), which originated species such as S. pastorianus, 
a hybrid between S. cerevisiae and S. eubayanus (Libkind et al., 2011); introgression events 
– when a small region of a different species' genome is present within the genome of 




another species – (Dunn et al., 2012; Muller and McCusker, 2009; Naumova et al., 2011); 
and horizontal gene transfer (Marsit et al., 2015; Novo et al., 2009). Further, S. cerevisiae 
has also benefited from gene duplication, having retained around 500 duplicates (Kellis et 
al., 2004). All of these events are associated with historical (long-term) evolution. 
Experimental (short-term) evolution has also proven to be an exceptional tool. 
Translocations and aneuploidy are common in experimentally evolved strains, but as noted 
elsewhere (Hittinger, 2013), Saccharomyces spp in general has few translocations and 
species normally have 16 euploid chromosomes. Nevertheless, experimental evolution 
renders repeatable molecular mechanisms of evolution. In other words, in similar conditions 
the outcomes of independent experiments are the same. There are only two experimental 
evolution studies published concerning yeast mistranslating strains. One article studied Ser-
to-Leu mistranslation in S. cerevisiae, and showed that this type of mistranslation has a 
strong impact on the genome (Kalapis et al., 2015). Specifically, it was shown that yeasts 
can adapt to a high mistranslation rate after growth over 250 generations by altering their 
genome architecture. Extensive rearrangements, indels and point mutations allowed the 
acceleration of ubiquitin-proteasome-mediated degradation which resulted in reduced 
protein aggregation due to the rapid elimination of erroneously translated proteins, and also 
increased protein synthesis. These adaptation mechanisms were indeed in accordance with 
other studies (Gsponer and Babu, 2012; Hanssum et al., 2014; Kitamura et al., 2006). Worth 
noting is that such adaptation is specific for high mistranslation rates, since returning to 
basal mistranslation rates after the evolution produced less fit strains. Moreover, it 
increased the need for glucose uptake due to the high energetic costs associated with 
protein translation and quality control mechanisms, which resulted in low viability when 
grown in nutrient-depleted media (Kalapis et al., 2015). 
The other study concerning adaptation to mistranslation was performed with C. albicans 
strains, expressing different mutated tRNA genes (Simões et al., 2016). In this case, the 
experiment was carried out over 100 generations and showed that Ser misincorporation at 
specific Ala and Leu codons sites leads to loss of heterozygosity. Point mutations were also 
observed in the case of other amino acid substitutions, including at Gly sites. However, in 
this study there was no obvious connection between genome alterations and the expected 
translation machinery and protein quality control mechanisms. 
Here, we evolved Ser-to-Gly and Ser-to-Ala ambiguous yeast strains and a control strain, 
described in previous chapters. Our main goal was to identify adaptive mutations that could 
explain the high tolerance of yeast to these two types of mistranslation. A strain expressing 
the wild type seryl-tRNA was also evolved to understand if increasing tRNA copy number 
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alone would have a negative impact on the genome. The recombinant tRNA gene in the 
Ser-to-Ala strain was not detected after fragment amplification at the first control point (~100 
generations) and the strain was discarded from the experiment. The Illumina Genome 
Analyser IIx was used to sequence the whole genome of the remaining three strains. 
Comparison of the genomes of the evolved strains revealed that the Ser-to-Gly 
mistranslation has a minor impact on the genome. The number of single nucleotide 
polymorphisms (SNP) detected was small. The Ser-to-Gly strain eliminated the mutated 
tRNA gene after ~100 generations. The strain expressing the extra copy of the wild type 




The experimental evolution was initiated with 4 strains: a wild type strain carrying an 
empty plasmid, two strains expressing each a different mistranslating tRNA gene, and a 
strain expressing one extra copy of the wild type Ser-tRNASer. The strains were grown in 
parallel until stationary phase (48h) and an aliquot (1.5%) was transferred to fresh media. 
The experiment was carried over 250 generations (Figure 4-1). The strain misincorporating 
Ser at Gly sites was grown up to ~100 generations, after which the mutated tRNA gene was 
no longer detected after fragment amplification. On the contrary, the strain transformed with 
the native C. albicans tRNATGASer gene (referred to as Ser strain from now on) maintained 
the gene and its original sequence until the end of the evolution experiment. Illumina 
genomic DNA libraries were generated from the highly purified DNA. After sequencing in 
an Illumina platform, reads that did not pass filtering criteria for ambiguity (N content<5%), 
complexity (score≥10), length (50 bases or longer), and average base quality ≥20 were 
eliminated (Table 4-1). The remaining reads were mapped to the reference genome of S. 
cerevisiae S288C, obtained from the Saccharomyces Genome Database (Cherry et al., 
2012). Then, a comparison between the genomes of these strains was carried out to identify 
copy number alterations and single nucleotide polymorphisms (SNP). 
 






Figure 4 - 1: Experimental design used in the evolution study. Two replicates of each strain were 
grown until stationary phase and an aliquot (1.5%) was transferred to fresh media. The grey 
strikethrough words indicate the strains eliminated during the evolution (see text). The strains in bold 
are were sequenced. 
 
 
Table 4 - 1: Number of mapped reads after sequencing. Each column represents the sequenced 
strain, the approximate generation number to which it was evolved to, and the corresponding read 
mapping numbers. 
  Reads 
 Generation Raw Filtered 
Gly_0 0 6 916 370 6 421 935 
Gly_100 100 2 835 706 2 677 475 
Ser_0 0 3 474 918 3 275 297 
Ser_250 250 10 171 837 9 378 252 
pRS_0 0 4 035 376 3 799 377 
pRS_100 100 2 902 044 2 738 436 




4.3.1 Comparison between evolved and respective non-evolved strains 
The strains showed a small number of DNA mutations. In comparison to the control strain 
chosen, the SNP number in all conditions was always lower than 60. SNP were found in 
ORFs (defined as CDS, snoRNA, ncRNA, tRNA, and rRNA), but not in UTRs (blocked 
reading frame, snRNA, noncoding exon, and pseudogenes, 3′ UTR e 5′ UTR) (figure 4-2). 
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Other regions included telomeres of one or both chromosome arms, one autonomous 





Figure 4 - 2: Total number of SNP by genomic region. The data compares each evolved strain 
with the correspondent non-evolved strain. ORFs (defined as CDS, snoRNA, ncRNA, tRNA, and 
rRNA); Others (defined as repeat-region, long-terminal repeat, retrotransposon, and centromeres); 
and Out (regions not defined in ORFs and Others).  
 
Table 4-2 shows the number of genes mutated in each evolved strain after comparison 
to their non-evolved parental strain. Genes were separated according to the nature of the 
SNP (synonymous, S, or non-synonymous, NS). Overall, the small number of mutated 
genes did not allow clustering by GO terms. 
 
Table 4 - 2: Number of mutated genes in the evolved strains. Each evolved strain was compared 
to the non-evolved parental strain. The number of mutated genes is separated according to the 
nature of the mutation. NS, non-synonymous; S, synonymous. 
 
Control pRS_0 pRS_0 Gly_0 Ser_0 
Condition pRS_100 pRS_250 Gly_100 Ser_250 
Number 
of genes 
NS 7 6 7 10 
S 4 3 0 6 
 
 
The evolution of the wild-type strain transformed with the empty plasmid (pRS_100), 
showed 9 NS SNP in 7 annotated genes that were not present in the control strain (pRS_0). 












Three of them appeared in FLO9 gene (table S4-2), which was previously suggested to be 
involved in flocculation due to its similarity to FLO1 (Teunissen and Steensma, 1995). 
However, the dynamic nature of SNP accumulation was demonstrated by the 
disappearance of 7 NS SNP in the strain evolved to approximately 250 generations 
(pRS_250). 
The evolved pRS_250 strain showed 6 NS SNP, three of which were not present in 
pRS_100. Of these, 1 was identified in the HST1 gene (table S4-2). 
The Gly_100 strain accumulated 9 NS SNP in 7 annotated genes in comparison to its 
non-evolved parental strain (Gly_0). Like in pRS_100, three of them occurred in the FLO9 
gene (table 4-2, table S4-2). All the proteins encoded by the identified genes present Gly 
residues (GGA) that can be replaced by Ser (table 4-3). Mutations in MRPS28 and HPF1 
genes were exclusively present in this strain. As mentioned above, this strain also had 
mutations in telomeric regions, transposable elements and ARS209 (table S4-1). 
 
 
Table 4 - 3: Genes that accumulated non-synonymous SNP during the evolution of the Ser-
to-Gly strain. Each gene is identified by its standard name, with the exception of YMR018C-A, which 
is uncharacterized. The description, and DNA and amino acid sequences were obtained from the 
Saccharomyces genome database (Cherry et al., 2012). Codon usage was determined with the 








Mitochondrial acetyl-coenzyme A carboxylase; 
catalyzes production of malonyl-CoA in 
mitochondrial fatty acid biosynthesis 
39 2123 
MRPS28 Mitochondrial ribosomal protein of the small subunit 2 286 
FLO9 
Lectin-like protein with similarity to Flo1p; thought to 
be expressed and involved in flocculation 
14 1322 
TRE1 
plasma membrane protein that binds Bsd2p and 
regulates ubiquitylation and vacuolar degradation of 
the metal transporter Smf1p 
15 783 
DAN4 




Haze-protective mannoprotein; reduces the particle 




Unknown 1 84 
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Finally, the evolved strain expressing an extra wild-type Ser-tRNA (Ser_250) 
accumulated 12 NS SNP in 10 annotated genes, relative to the non-evolved parental strain; 
The PYC1 and YCR018C-A genes had 2 NS SNP each (table 4-2, S4-2). NS SNP in the 
ARA1, YGK3, CSS1, SIP5 and ALG12 genes were exclusively present in this strain. The 
functions of CSS1 and SIP5 encoded proteins are unknown. 
Copy number variants were not detected in any strain. The only small copy number 
deviation was detected in the Ser_250 strain whose normalized ratio was marginally below 
1 in chromosome III (figure 4-3). Regarding this chromosome, the strain accumulated both 
synonymous and non-synonymous mutations in the gene YCR018C-A, which codes a 
putative protein of unknown function. 
The distribution of SNPs among chromosomes (Chr) revealed that Chr V, VIII and XI did 
not have mutated genes. Also, non-coding mutations were never observed in Chr V, IX and 
X. Therefore, Chr V did not accumulate SNP in coding or non-coding sequences, which 
supports that Ser-to-Gly mistranslation differs from Ser-to-Leu mistranslation (Kalapis et al., 




Figure 4 - 3: Copy number variation. Example of a normalized copy number profile (Ser_250). 















Table 4 - 4: SNP distribution by chromosome. The number of total SNP accumulated during 
evolution is displayed according to chromosome. In the first group (dark grey background), the 
sequenced genomes of the evolved strains (second row) were compared with the corresponding 
parental strain (first row). In the second group (light grey background), the genomes of the strains 
were compared according to a different criterion. The Ser-to-Gly and the wild type Ser strains (second 
row), were compared to the wild type strain (not transformed) (first row) in the same evolved state. 
 
Ctrl pRS_0 Gly_0 Ser_0 pRS_0 pRS_100 pRS_250 
Chr pRS_100 pRS_250 Gly_100 Ser_250 Gly_0 Ser_0 Gly_100 Ser_250 
I 6 2 8 7 4 6 8 2 
II 5 6 6 4 5 5 6 1 
III 0 1 2 3 1 0 1 2 
IV 2 3 4 1 2 1 4 1 
V 0 0 0 0 0 0 0 0 
VI 1 0 0 0 1 1 2 1 
VII 3 2 2 4 0 3 3 3 
VIII 1 2 3 1 2 1 2 0 
IX 0 0 1 1 0 0 1 1 
X 1 0 2 2 0 1 3 1 
XI 1 0 0 0 0 0 1 0 
XII 2 2 4 5 3 5 3 4 
XIII 2 4 4 5 4 4 2 1 
XIV 1 0 0 1 0 0 1 1 
XV 1 2 2 2 1 1 2 1 
XVI 2 1 1 2 1 1 2 2 
MT 0 0 0 0 0 0 0 0 
All 28 25 39 38 24 29 41 21 
 
 
4.3.2 Comparison of genomic changes during evolution 
 
The genomes of the strains evolved to the same generation number were also 
compared: Gly_100 Vs pRS_100, Ser_250 Vs pRS_250, and Ser_0 and Gly_0 Vs pRS_0. 
After comparison to the control strain expressing the empty vector, the Ser-to-Gly and Ser 
strains showed SNP in ORFs (<30) and other regions that included telomeres of one or both 
chromosome arms, one autonomous replication sequence (ARS209), and transposable 
elements (table S4-1). 
The non-evolved Ser-to-Gly strain did not show unique SNP when compared to the 
pRS_0 strain. The number of NS SNP increased during evolution from 4 in three genes, to 
14 SNP in twelve genes (table 4-5, S4-2). 
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Table 4 - 5: Number of genes mutated within the same generation number. The Ser-to-Gly and 
Ser strains, evolved and non-evolved, were compared to the corresponding pRS strain. The number 
of mutated genes is separated according to the type of mutation. NS, non-synonymous; S, 
synonymous. 
Control pRS_0 pRS_100 pRS_250 
Condition Gly_0 Ser_0 Gly_100 Ser_250 
Number 
of genes 
NS 3 6 12 10 
S 1 5 4 4 
 
 
The evolution of the Ser-to-Gly strain (Gly_100) revealed an interesting mutation in the 
HFA1 gene, not present in pRS_100. A Gln (CAA) codon was replaced by a stop (TAA) 
codon, meaning that the translated protein will be truncated. This SNP was acquired during 
the evolution process since it was not observed in the genome of the non-evolved Ser-to-
Gly strain (Gly_0). This was also the case of the NS SNP in the genes MRPS28 and HPF1. 
On the other hand, three of the SNP observed in the genome of Gly_100 relative to the 
genome of pRS_100, namely in the ENA5, YFR057W and MOT1 genes were not the result 
of mistranslation in the Ser-to-Gly strain. In this case, the SNP were present in pRS_100 
when its genome was compared to the genome of the non-evolved pRS_0, but were not 
present when the Gly_100 genome was compared to the non-evolved Gly_0 one (table S4-
2). In other words, the wild type strain (pRS_100) accumulated these SNP during evolution. 
The non-evolved Ser strain showed 8 NS SNP in six genes and 12 NS SNP in ten genes, 
when compared to pRS in the same generation (table 4-5, S4-2). 
The Ser_250 strain also acquired specific mutations, when compared to pRS_250 (and 
Ser_0), but as mentioned previously, there is no obvious connection between the mutated 
genes, mostly because of their unknown functions (CSS1; ADE5,7; SIP5; ALG12; 
YCR018C-A) (table S4-2): CSS1 and SIP5 encode a protein of unknown function as 
mentioned earlier, ADE5,7 has a role in the de novo purine nucleotide biosynthetic pathway, 
YCR018C-A codes a putative protein of unknown function, and ALG12 codes a protein 
involved in the lipid-linked oligosaccharide biosynthesis. 
Curiously, the existing SNP in Gly_0 relative to the genome of pRS_0 were also present 
in the Ser_0 strain, i.e. FLO9, KAP95, TRE1 and YMR317W genes. The Ser strain, 
however, showed some additional unique SNP, namely the NS SNP in the ARA1, PYC1 
and YGK3 genes (table S4-2). In particular, the NS SNP in KAP95 gene was during the 
evolution of both Ser-to-Gly and Ser strains (table S4-2). In all observed cases, the control 
strain pRS had the codon AAA (Lys), whereas the other strains had GAA (Glu) in that gene. 






The experimental evolution carried out with the mistranslating strains resulted in an 
unexpected outcome. We verified in previous chapters that the mistranslating strains did 
not have marked phenotypes and it was also observed before in our laboratory that the type 
of amino acid changes chosen here are the least harmful to yeast (Costa, 2012; Mateus, 
2011; Paredes et al., 2012). More specifically, a Ser-to-Leu strain adapts rather easily to 
mistranslation, and attempts to remove the recombinant plasmid containing the intact 
misincorporating tRNA gene have failed (Guimarães R., unpublished). Moreover, a previous 
experimental evolution project with Leu mistranslating strains was successfully 
accomplished and showed high impact on the yeast genome (Kalapis et al., 2015). 
Therefore, we expected that the strains used in this study would tolerate the recombinant 
tRNA genes and maintain them throughout the evolution experiment. The fact that we failed 
to detect these genes in the evolved replicates at generation 100 (Ala) and after ~100 
generations (Gly), suggests that their expression is more harmful than anticipated. The 
evolution study in which the same Ala and Gly substitutions were tested in C. albicans was 
performed for 100 generations (Simões et al., 2016), but tRNA-inactivating mutations or 
loss of the tRNA gene were not observed in this case. Opposite to our yeast strain, C. 
albicans kept the Ser-tRNAAla gene intact until the end of the experiment which further 
supports other data showing its high tolerance to mistranslation (Bezerra et al., 2013; 
Gomes et al., 2007). 
Regarding the evolved Ser strain, we expected little or no DNA mutations relative to 
pRS_250 and Ser_0 strains. Therefore, it was surprising that both evolved Ser and Ser-to-
Gly strains had the same number of SNP relative to their non-evolved versions. Further, 
regarding coding sequences, it was startling that the Ser_0 vs pRS_0 and Ser_0 vs Ser_250 
accumulated more SNP than the Gly_0 vs pRS_0 and Gly_0 vs Gly_100 comparisons, 
respectively. The genome sequence of the Ser_100 strain would have been useful to 
compare Ser-to-Gly and Ser strains. 
The fact that both Ser-to-Gly and Ser strains had SNP in the KAP95 gene, may indicate 
that the alteration of the cell’s tRNA pool in general affects this protein, independently of 
whether or not mistranslation is induced. KAP95 codes a karyopherin/importin beta subunit 
that functions in nuclear protein import through association with the importin alpha subunit 
(Kap60p). Thus, together they mediate nuclear import of nuclear localization signal-
containing cargo proteins via the nuclear pore complex. Curiously, their association also 
regulates PC biosynthesis through the Kennedy pathway. The enzyme Pct1p binds to 
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Kap60p-Kap95p and together they allow Pct1p to travel across the nuclear pore. The 
inactivation of both importins separately hinders Pct1p entrance into the nucleus, reducing 
PC biosynthesis, with Kap95p showing the most drastic reduction. However, it is still 
unknown how this affects PC synthesis (MacKinnon et al., 2009). Since the SNP appeared 
in both strains, it may play a significant role in adaptation. It must be underscored that the 
location of the identified mutated Lys codon is unknown, since KAP95 has 23 Lys-AAA. If 
the importin complex function is in fact affected, PC biosynthesis will also be affected, but 
such needs to be studied in detail. 
The FLO9 gene showed SNP in all strains and in all the analyses performed. This may 
indicate that the mutations are present as standing variation, rather than resulting from any 
specific stress. As mentioned earlier, this gene may be involved in flocculation due to its 
high similarity to FLO1 (Teunissen and Steensma, 1995), but since the remaining, better-
studied FLO genes were unaltered, FLO9 might have a different role, unknown to us at the 
moment. The genetic background of our strains may be causative of the SNP found in 
ADE5,7 gene, in the evolved wild type (pRS_250) and Ser (Ser_250) strains. The deletion 
of the ADE2 gene interrupts the de novo purine biosynthetic pathway and leads to the 
accumulation of an intermediate product within the cell. Therefore, the SNP found in 
ADE5,7, whose enzyme acts in the pathway before Ade2p, may be an attempt to reduce 
the intermediate product. 
The evolved wild type strain (pRS_250) showed a unique SNP (Met replaced Leu) in the 
HST1 gene, which codes a protein of the Sir2 family. Of the HST genes known, HST1 is the 
most closely related to SIR2 (Brachmann et al., 1995). The roles of the Sir2 family are varied 
and their function partly overlaps, i.e., regulation of stress response, gene transcription, 
cellular metabolism and longevity (Lu and Lin, 2010), and thus establishing a connection 
between the strain’s possible selection towards a specific role of this protein would be 
difficult. Also, the minimal region within the zinc-binding domain that confers Hst1p its 
unique protein-binding specificity was previously determined and although it included 
conserved Leu residues, none of them originate from a CTG codon (Froyd and Rusche, 
2011). 
The evolved Ser strain (Ser_250) showed 3 exclusive SNP in 3 different genes, though 
only the ALG12 gene has a known function. It is an alpha-1,6-mannosyltransferase involved 
in the synthesis of oligosaccharide chains that are then linked to proteins (Burda et al., 
1999). It is a non-essential gene and previous observations have shown that the null mutant 
has enhanced competitive fitness in regular growth conditions (Breslow et al., 2008). 
Therefore, if the mutation observed affects protein function it may be partly beneficial for 




the strain. For instance, it may be a way of altering/delaying (Burda et al., 1999; Verostek 
et al., 1993) or even preventing the folding of specific proteins, since glycosylation is of 
great importance to proper folding (Hanson et al., 2009; Shental-Bechor and Levy, 2008). 
It is interesting that the evolution of the Ser-to-Gly strain showed a premature stop codon 
in the HFA1 gene. This probably leads to loss of function of the protein Hfa1p, which is the 
mitochondrial acetyl-coenzyme A carboxylase, that catalyzes the production of malonyl-
CoA in mitochondrial fatty acid biosynthesis (Hoja et al., 2004). HFA1 null mutants are 
unable to grow in non-fermentable carbon sources (Hoja et al., 2004; Suomi et al., 2014). 
The reason for this mutation is unclear, but Hfa1p inactivation may re-direct more acetyl-
CoA to the Krebs cycle during the post diauxic phase. An analysis of the effect of Gly 
replacement by Ser in the 39 GGA sites of the protein was performed in silico, along with 
the analysis of Mrps28p and Hpf1p. The prediction showed that replacement in 26 out of 
the 39 sites could have a deleterious effect on the protein, which could explain the selection 
of the stop codon (table S4-3). It must also be considered the possibility that the mutation 
appeared randomly. In this case, it would be more probable that it happened in the HPF1 
gene, since none of the replacements by Ser were predicted to be deleterious. We also 
used the same in silico tool to predict the consequences of the observed SNP in the 
MRPS28 (Lys-to-Gln) and HPF1 (Gly-to-Ser) genes (table S4-4). The results showed that 
3 out of 8 possible Gln (CAA) substitutions by Lys in MRSP28 may be deleterious to 
function, whereas all the 19 possible Ser (AGT) substitutions by Gly in the HPF1 gene were 
predicted to be neutral to protein function. Considering the probability of high variability 
among replicates in the same experimental evolution (Kalapis et al., 2015), sequencing of 





Mistranslation in standard growth conditions is considered to be deleterious to cell 
function, which was also verified here. Previous data indicated that there was DNA damage 
in evolved and non-evolved mistranslating C. albicans and evolved S. cerevisiae strains. 
Hence, we hypothesized that it would also be the case in our mistranslating strains. Our 
data indicates that this type of codon ambiguity in haploid S. cerevisiae does not have high 
impact on the genome, nor alters gene copy number. Instead, the recombinant tRNA gene 
is promptly eliminated during evolution, approximately after 100 generations. Ser 
misincorporation at Ala sites may be more damaging than at Gly sites, since the Ser-tRNAAla 
was eliminated at an earlier stage of the evolution experiment. Due to the high variability 
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verified in a recent study, further experimental evolution should be conducted with several 
replicates in parallel in order to verify which mutations are selected, and hence play a role 
in the adaptation to mistranslation. 
  






4.6.1 Strains and growth conditions 
 
The Saccharomyces cerevisiae SY991 strain (EUROSCARF acc. no. Y40001; genotype: 
MATa; ura3Δ 0; his3Δ 1; leu2Δ 0; trp1Δ 63; ade2Δ 0; lys2Δ 0; ADE8) was transformed with 
one of the following plasmids: pRS315 (control strain), pUA261, pUA268 or pUA269 
(Mateus, 2011). In brief, pUA plasmids are derived from pRS315. pUA261 contains a 
genomic DNA fragment of 150 bp coding the C. albicans tRNATGASer gene, whereas in 
pUA268 and pUA269 the anticodon was mutated to TGC (alanine) and TCC (glycine), 
respectively. Transformations were performed using the Liac/SS carrier DNA/PEG method 
(Gietz and Woods, 2002). Plasmid inserts were verified by colony PCR and consecutive 
fragment sequencing. 
For the evolution experiment 2 clones of each strain were grown until stationary phase 
and 1.5% of each culture was then inoculated in fresh MM (0.67% yeast nitrogen base, 2% 
glucose, 0.2% drop-out mix). Evolution was carried out over ∼100 and ~250 generations. 
 
4.6.2 DNA extraction, sequencing and analysis 
 
Genomic DNA (gDNA) was extracted with the Genomic-tip 100/G kit (Qiagen) according 
to the manufacturer’s protocol. Quantification and quality assessment were performed using 
the Picogreen fluorescence based quantification assay. For Illumina sequencing, the 
manufacturer-supplied protocols and reagents were followed. Briefly, one library per sample 
was constructed using Illumina DNA sample preparation standard protocol and with an 
insert size of 400–500 bp. 5 μg of high molecular weight gDNA were fragmented by a 
Covaris sonication device. Then, DNA fragments were end-repaired and A-tailed. Adapters 
were then ligated via a 3’ thymine overhang. Finally, ligated fragments were amplified by 
PCR. The library was applied to an Illumina flow cell for cluster generation. Sequencing was 
performed on a Genome Analyzer IIx instrument using ~150 bp paired-end reads. Raw 
sequence data, 146 bp paired end reads with expected insert size of 400–500 bp, from 
each sample were trimmed by removing consecutive bases on both 50- and 30 flanks with 
base quality less than 20. Trimmed reads that did not pass filtering criteria for ambiguity (N 
content<5%), complexity (score≥10), length (50 bases or longer), and average base 
quality≥20 were removed using Bamtools (Barnett et al., 2011). The remaining reads were 
mapped to the reference genome of S. cerevisiae S288C, obtained from the 
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Saccharomyces Genome Database (Cherry et al., 2012) using BWA (Li and Durbin, 2010). 
Processing and filtering of mapped reads were done using Samtools (Li et al., 2009). After 
removal of duplicates, read pairs aligning to opposite strands, or those where predicted 
insert size did not match actual size, were removed. Additionally, read pairs were removed 
where one or both reads had low map- ping quality (MQ<20) or had less than 95% sequence 
identity to the reference. Mapped reads were analyzed using Samtools to produce read 
pileups (Li et al., 2009), detect single nucleotide variants and call genotypes. Small 
insertions and deletions (indels) were not called. Bases with low base quality or with read 
depth less than three or higher than twice the sample average coverage were called as 
unknown genotype. Samples were sequenced in CNAG (Centre Nacional D’anàlisi 
Genòmica) in Barcelona in collaboration with Marta Gut, Mónica Bayés, Lídia Águeda and 
Sergi Beltran. Alignment of sequences and analysis was done by Gabriela Moura from 












4.7 Supplementary data 
 
Table S4 - 1: List of coding and non-coding sequences containing single nucleotide 
polymorphisms (SNP). The first row indicates the control strain chosen and the second row 
indicates the strain it was compared to. Each feature is identified by its systematic name. Telomeric 
regions and autonomously replicating sequences are identified as TEL and ARS, respectively. 
 
pRS_0 pRS_100 pRS_250 pRS_0 Gly_0 Ser_0 
Gly_0 Ser_0 Gly_100 Ser_250 pRS_100 pRS_250 Gly_100 Ser_250 
ARS209 ARS209 ARS209 YAL063C ARS209 ARS209 ARS209 ARS209 
TEL02L TEL04R TEL02L 
YBR012W
-B TEL02L TEL02L TEL02L TEL02L 
TEL03L-
TR TEL08L TEL04R 
YCR018C
-A TEL04R TEL04R 
TEL03L-
TR TEL04R 





TR TEL08R TEL08L TEL12L 
TEL12L YAR050W YAL063C YGL234W YAL063C YAL063C TEL12L YAL063C 
YAL063C 
YBL100W
-B YAR050W YIL169C YAR050W 
YBL100W





















-B YGL062W YDR038C YLR357W YFR057W YGL062W YDR337W YGL062W 
YMR317
W YGR023W YDR337W 
YLR410W








W YLR357W YIL030C 
YGR023
W 
YPL176C YLR347C YGL062W YNR030W YJR151C 
YLR410W
-B YJR151C YIL169C 
 
YLR410W







 YMR207C YJR151C YPR196W 
YMR317
















-B  YPL082C YPL176C 
YOL103W
-B YMR207C 





-B    YPL176C YNR030W 
  YOL155C     
YOL103W
-B 
  YPL082C     YOL128C 
  YPL176C     YPR196W 
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Table S4 - 2: Single nucleotide polymorphism (SNP) distribution within genes. The first row 
indicates the control strain chosen and the second row indicates the strain it was compared to. Each 
gene is identified by its standard name, with exception of the uncharacterized ones that are shown 
by their systematic name. Bold numbers indicate non-synonymous SNP. 
 


















FLO9 2 2 2 2 3 1 3 1 
KAP95 1 1 1 1     
TRE1 1 1 1  1 1 1  
YMR317W 4 3   1 4  3 
ARA1  1      1 
PYC1  2 1; 1 1 1; 1 1  2 
YGK3  1      1 
FLO1  1 1  1   1 
MTL1  1   1   1 
DAN4  1 1; 2 1 1  1 1 
HFA1  1 1    1 1 
YCR018C-A   1 1; 1  1 1 1; 2 
ENA5   1  1    
MRPS28   1    1  
YFR057W   1  1    
HPF1   1    1  
MOT1   1  1    
SSM4   1      
CSS1    1    1 
ADE5,7    2  1  1 
SIP5    1    1 
ALG12    1    1 
HST1    1  1   
PEX29    1  1   
RSC2    1  1   












Table S4 - 3: Prediction of the impact of Ser-to-Gly sequence variation on protein function. 
The non-synonymous mutations in the Ser-to-Gly strain after the evolution experiment resulted in 
three genes only, unique to the strain. These were screened to verify the presence of TCC (Gly-
GGA). The tool PROVEAN (Choi et al., 2012) was used to predict the consequences in protein 
function of Gly substitution by Ser. The cut-off scores below -2.5 are considered deleterious (grey), 
though a stricter cut-off can be considered (-4.5). PROVEAN collects a set of homologous and 
distantly related sequences from the NCBI NR protein database (released August 2011), using 
BLASTP (ver.2.2.25) with an E-value threshold of 0.1. The sequences are clustered based on a 
sequence identity of 80% to remove redundancy, using the CD-HIT program. The number of 
sequences found and used, and the E-value range are indicated. The protein sequences were 
obtained from the Saccharomyces genome database (Cherry et al., 2012). 
 
MRPS28   HFA1   HFA1 (cont.) 
GGA pos. score   GGA pos. score   GGA pos. score 
5 0.269   75 -5.731   1492 -5.726 
235 -5.967   103 -4.327   1521 -5.720 
E-val: 5,0E-165 to 2,0E-18   156 -2.797   1567 0.227 
Seq. no: 45   172 -5.709   1590 -5.726 
    184 -5.765   1638 -5.726 
HPF1   354 -1.192   1674 -5.726 
GGA pos. score   411 -1.789   1682 -5.726 
505 -1.710   431 -5.384   1768 -5.301 
553 -1.666   452 -5.661   1776 -5.721 
605 -0.627   644 -5.261   1781 -5.460 
619 -1.732   702 -5.342   1817 -5.712 
729 -1.093   734 -5.682   1851 -5.705 
832 -0.075   740 -1.333   1894 -5.658 
E-val: 6,00E-04 to 0,0   782 1.466   1918 -3.045 
Seq. no: 64   1036 -0.194   1925 -5.669 
    1114 -0.478   1948 0.092 
    1176 -1.778   2003 -4.562 
    1199 -2.051   2029 1.562 
    1269 1.129   2106 0.071 
    1489 -5.726     
    E-val: 3,00E-147 to 0,0 
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Table S4 - 4: Prediction of the impact of specific sequence variation on protein function. The 
non-synonymous mutations in the Ser-to-Gly strain after the evolution experiment resulted in three 
genes only, unique to the strain. The MRPS28 and the HPF1 genes were screened to verify the 
number of TTG (Gln-CAA) and ACT (Ser-AGT) triplets, respectively. The tool PROVEAN (Choi et 
al., 2012) was used to predict the consequences in protein function of Gln substitution by Lys, in the 
MRPS28 gene, and Ser substitution by Gly, in the HPF1 gene. The cut-off scores below -2.5 are 
considered deleterious (grey), though a stricter cut-off can be considered (-4.5). PROVEAN collects 
a set of homologous and distantly related sequences from the NCBI NR protein database (released 
August 2011), using BLASTP (ver.2.2.25) with an E-value threshold of 0.1. The sequences are 
clustered based on a sequence identity of 80% to remove redundancy, using the CD-HIT program. 
The number of sequences found and used, and the E-value range are indicated. The protein 
sequences were obtained from the Saccharomyces genome database (Cherry et al., 2012). 
 
MRPS28   HPF1 
CAA pos. score   AGT pos. score 
44 -2.033   20 -1.329 
54 -1.967   29 -0.991 
177 -4.000   34 -1.347 
211 -3.000   51 -0.676 
232 -1.548   52 -0.826 
253 -2.929   116 0.172 
273 -0.449   287 -0.717 
281 -1.472   309 -1.668 
E-val: 5,00E-165 to 2,00E-18   317 -1.979 
Seq. no: 45   341 -1.929 
   434 -1.589 
   440 -1.582 
   495 -0.840 
   506 -1.507 
   573 -0.472 
   597 -1.240 
   853 -0.688 
   892 -0.758 
   920 -1.106 
   E-val: 6,00E-04 to 0,0 
   Seq. no: 64 
 
  











































5.1 Final discussion 
 
The last few years have shown that mistranslation is much more important than 
previously thought. A myriad of phenotypes associated with mistranslation has been 
unveiled, and it is now known that, despite common cellular responses, there is significant 
diversity produced by different types of mistranslation – single or multiple amino acid 
misincorporation –, mechanism of mistranslation, cell type and growth conditions. It is also 
clear that mistranslation can be advantageous in certain physiological and ecological 
situations (Bacher et al., 2007; Bezerra et al., 2013; Fan et al., 2015; Mateus, 2011; Mateus 
et al., 2013; Pan, 2013; Santos et al., 1996, 1999; Simões et al., 2016). Yet, as highlighted 
earlier, mistranslation normally has a negative impact in normal growth conditions. Reported 
diseases that implicate faulty parts of the translation machinery or defective protein function 
can be quite severe (Boczonadi and Horvath, 2014; Greaves et al., 2012) and disorders of 
the lipid metabolism or storage can be caused by mistranslation errors, such as the well-
studied Stargardt disease, a form of macular degeneration (Agbaga et al., 2008; 
Ambasudhan et al., 2004; Grayson and Molday, 2005; Karan et al., 2005; Zhang et al., 
2001). Previous reports from our laboratory showing transcriptome deregulation of lipid-
related genes are thus in line with this connection between mistranslation and loss of lipid 
homeostasis. This work further supports those findings by targeting lipid profile alterations 
in cells constitutively mistranslating Ser at Ala and Gly sites. 
We verified that induction of mRNA mistranslation affected lipid homeostasis at a global 
level in strains misincorporating Ser at Ala and Gly sites. The lipidomic approach used in 
the present work showed that globally, FA relative variation was altered in both strains, in 
logarithmic and post-diauxic growth phases. The increment of the relative content of 
saturated FA species led us to hypothesize that there could be lipid peroxidation, since 
mistranslation was previously associated to oxidative damage (Costa, 2012; Gomes, 2012; 
Mateus, 2011; Reverendo et al., 2014) but such hypothesis was not confirmed in our 
mistranslating strains. We did not observe a significant increase in lipid peroxidation, 
catalase, and cytosolic and mitochondrial SOD activities were unaltered, and there were 
even reduced levels of ROS in post-diauxic shift. This was surprising, since other Gly and 
Ala mistranslating strains showed high levels of superoxide anion in the same growth phase 
(Mateus, 2011). The results remain puzzling. Moreover, the oxygen consumption rate of the 
Ser-to-Ala strain was increased in comparison to the control strain (chapter 3). Observations 
similar to ours were only made in isolated yeast mitochondria under caloric restriction, in 
which oxygen consumption varied inversely with hydrogen peroxide production (Barros et 




al., 2004; Tahara et al., 2007). Curiously, Silva and colleagues used a similar mistranslation 
model and detected upregulation of Pnc1p, and consequently of Sir2p (Silva et al., 2009). 
The latter belongs to a family with varied roles that partly overlap, i.e., regulation of stress 
response, gene transcription, cellular metabolism and longevity (Lu and Lin, 2010) but 
specifically, it is also activated in response to caloric restriction. Yet, recent studies indicate 
that this role may not be ubiquitous, ergo may be the exception to the rule (Bonkowski and 
Sinclair, 2016; Kaeberlein, 2010). However, the tested substitution of Leu by Ser results in 
very high ROS levels (Costa, 2012; Gomes, 2012; Mateus, 2011) which as mentioned 
above, we did not observe in our study. 
The mitochondrial FA profiles revealed a different pattern than those from whole-cell 
profiles, suggesting that mitochondrial FA do not contribute to the changes in the latter 
profiles. The relative abundance of oleic acid in whole-cell FA profiles was increased in the 
mistranslating strains in the PDS phase, in contrast to palmitoleic acid. The biological 
relevance of this observation remains elusive, but two scenarios can be envisioned, which 
do not necessarily exclude each other: 1) cells may need more oleic acid, or less palmitoleic 
acid, and re-direct desaturation (see below), or 2) they degrade or remodel lipids with 
palmitoleic acid. In the FA synthesis pathway, C16 and C18 FA derive from the same 
intermediate substrate, and thus it is possible that this intermediate is being mostly 
redirected to the production of stearic (Ser-to-Ala) and oleic acid (Ser-to-Ala and Ser-to-
Gly) in our study. Therefore, the possibility that the desaturation process is affected must 
be considered, though mainly in the case of the Ser-to-Gly strain because OLE1 expression 
is upregulated, though only in PDS phase. Previous studies from our laboratory showed 
that the expression of FAS1 and FAS2 genes was downregulated in two strains 
mistranslating Ser at Ala (statistically significant) and Gly (non-significant) sites (Mateus, 
2011), suggesting shutdown or reduction of cytoplasmic FA synthesis. Also, OLE1 was 
down-regulated in log phase indicating, as previously mentioned, that the strains’ genetic 
background may be important in the study of mistranslation and lipid profiles. Despite OLE1 
deregulation, our data showed that membrane fluidity was not changed and the alterations 
in whole-cell FA relative contents were small. Yet, it must be underscored that fluidity was 
assayed in vitro with isolated PL from total extracts. In the future, it would be more 
informative to assess fluidity in vivo, so that the fluidity of the plasma membrane, which is 
abundant in sterols, could be specifically measured. Another experiment performed in our 
laboratory has demonstrated, in a different S. cerevisiae strain expressing the same Ser-
tRNAAla gene, that the PLB1 and PLB3 genes (log phase) are up-regulated (Simões, 2013). 
Reports indicate that Plb1p mainly hydrolyzes and remodels PC in vivo, though it may also 




deacylate PE (Lee et al., 1994; Merkel et al., 1999; De Smet et al., 2013). The other enzyme, 
Plb3p, hydrolyzes PI and PS (Merkel et al., 1999), and its function was suggested to 
intertwine with Plb1p’s (Merkel et al., 2005). This data further hints at our second hypothesis 
that PL are remodeled or degraded in a different way relative to the wild type strain. New 
studies concerning mistranslation could therefore be designed to target PL remodeling and 
degradation pathways. However, this may be a complex experiment to perform since there 
are other yeast remodeling enzymes to account for and some are still unknown in yeast. 
Altogether, ours and previous data suggest that a change in lipid composition is inherent to 
mistranslation. On one side, these alterations may be important to counter-act the effects 
of mistranslation. For instance, mistranslation commonly induces ER stress, which leads to 
lipid metabolism and ER membrane composition changes that help activate the UPR and 
stress-related proteins like Ire1p (Volmer and Ron, 2015). On the other side, the observed 
lipid profiles may be a deleterious consequence of mistranslation. In this case, alterations 
in the plasma and/or organelles’ membranes composition may negatively influence 
thickness and lipid packing, leading to reduction or prevention of accommodation of integral 
and peripheral proteins, and transmembrane traffic (Holthuis and Menon, 2014; Nilsson et 
al., 2001). Such would be aggravated if some of these proteins were erroneously translated, 
as expected to happen in our models. 
The PL species profiles were mostly changed in the Ser-to-Ala strain. Briefly, the profiles 
of PA, PE, LPC, PI and PS species were altered in log phase, while those of PA, PC, LPC 
and PE species were altered in PDS. Antagonistically, the Ser-to-Gly strain showed more 
alterations in the TG profile, though alterations in PC, PE and PI species profiles were also 
observed. It is probable that PL and TG metabolism, despite intertwined, are regulated in a 
different way in each mistranslating strain. For this reason, the origin of the FA observed for 
each strain may also have relied on different lipid species. In other words, TG species may 
have contributed more to the FA profiles observed for the Ser-to-Gly strain, whereas PL 
species may have been the main source of FA profile variation in the Ser-to-Ala strain. This 
supports the notion that the phenotype is dependent on the type of amino acid 
misincorporation. The lack of information regarding the impact of random mistranslation on 
lipid profiles, and specifically the lack of general knowledge regarding lipid molecular 
species variation, complicates the identification of putative connections between the 
observed phenotypes and proteome instability. Previously, a mass spectrometry-based 
study showed that two similar conditions, infantile and juvenile neuronal ceroid-
lipofuscinosis, have very different molecular species variation (Käkelä et al., 2003), which 
reinforces our previous statement. Nevertheless, the variation of lipid species profiles 




occurs in response to varied stress sources (Klose et al., 2012), and the modulation of the 
whole, tangled lipid metabolic network is of importance to support this adaptation to stress 
and also to intrinsic physiological alterations (e.g. growth phase) (Casanovas et al., 2015). 
For instance, lipids change in order to maintain membrane properties, which may occur in 
our strains. On the other hand, lipid species variation may also be an unwanted 
consequence of the induced stress (Han et al., 2000; Melo et al., 2012). This means that 
proteins that are more sensitive to lipid species variation will not bind as efficiently to the 
respective lipid, as observed for some proteins containing an ALPS motif (Bigay and 
Antonny, 2012; Drin et al., 2007). 
Opposite to the variation of whole-cell PL profiles, the mitochondrial PL profiles were 
altered almost exclusively in the Ser-to-Gly strain (chapter 3). The observations were not 
surprising since organelles differ considerably in lipid composition (Antonny et al., 2015; 
Tuller et al., 1999). Here, the lack of information regarding mitochondrial PL other than CL 
also complicates interpretation of our mitochondrial data. In any case, the CL species profile 
alterations may be connected to the decreased activity of the respiratory complex IV, which 
requires binding of CL for optimum activity (Arnarez et al., 2013b; Pfeiffer et al., 2003; 
Sedlák and Robinson, 1999; Zhang et al., 2005). On the other hand, this reduction of 
complex IV activity may be due to reduced levels of its constituting proteins, that may be 
mistranslated. In this case, the mistranslated proteins would be screened by the PQC 
mechanisms that could then target them for degradation. The CL profile showed higher 
abundance of saturated than unsaturated species, a characteristic also found in Barth 
syndrome (Barth et al., 2004). Barth syndrome points to the importance of CL remodeling 
in mammals, but remodeling in yeast may not be as important for mitochondrial function 
(Baile et al., 2014b). This raises the question of what must be the main role of lipid 
remodeling in yeast, and in particular, whether our PL profile changes have indeed 
functional implications. 
Although the mitochondrial PL profiles were altered, there was no alteration in 
morphology (not shown). Yeasts seem to deal quite well with disturbances in lipid 
homeostasis, e.g. null mutants (Δcrd1, Δcld1 and Δtaz1) do not always display 
morphological nor functional variations, an aspect that appears to be strain dependent 
(Baile et al., 2014a, 2014b; Claypool et al., 2008b). In other words, the absence of 
morphological changes was not surprising. It would be interesting to focus in other 
mistranslating strains that showed substantial breakage of mitochondrial networks (Costa, 
2012; Mateus, 2011). 
The observations regarding mitochondria led us to hypothesize that there was 




deregulation in ubiquinone (CoQ) production. CoQ is a lipid present in membranes (more 
concentrated in mitochondria) that can influence fluidity. It is also an electron carrier and 
antioxidant. The Ser-to-Gly strain showed upregulation of COQ5, an enzyme that is part of 
the complex responsible for CoQ biosynthesis (Kawamukai, 2015; Tran and Clarke, 2007). 
Considering that alterations in a single protein may influence the structure of the entire 
complex and its function (Baba et al., 2004; Hsieh et al., 2007; Kawamukai, 2015; Lohman 
et al., 2014; Marbois et al., 2009; Tran and Clarke, 2007), this result suggests that there is 
either a need for CoQ or that the complex does not function properly for other reasons. For 
example, Coq proteins may be mistranslated or mitochondrial membranes may be altered, 
thus affecting protein-membrane interaction. To help clarify this issue it would be helpful to 
determine ubiquinone levels and Coq proteins concentration and activity. 
Finally, the experimental evolution carried out with our mistranslating strains showed that 
both heterologous tRNA genes were not detected beyond 100 generations. In comparison 
to other amino acid substitutions, Ala and Gly replacements by Ser were not very toxic and 
previous evolution experiments with more toxic mistranslating strains were carried out up 
to 250 generations (Kalapis et al., 2015). The fact that the two replicates of each of our 
mistranslating strains eliminated the tRNA gene so rapidly points to its harmfulness beyond 
expected. Elimination of the recombinant tRNA gene is a strategy to reduce mistranslation 
levels (error prevention). In any case, the Ser-to-Gly strain showed minimal genomic 
alterations. Relevant mutations included a nonsense one in the HFA1 gene, which encodes 
a crucial protein for mt-FA synthesis. It will be interesting to study this mutation in the future 
because it may be sufficient to shut down this pathway. It is possible that protein inactivation 
occurred to prevent the damaging consequences of a Gly substitution, as predicted in silico. 
Unfortunately, we could not sequence both replicates in order to confirm which SNP were 
in fact selected. 
 
5.2 Future Studies 
 
This study represents the first attempt to understand the impact of mistranslation on the 
lipidome. We opened the path for the lipidomics study of mistranslating strains and new 
questions arose. Future studies should include quantification of the proteins involved in lipid 
metabolism pathways. The availability of commercial antibodies is very limited and thus 
other methodologies should be pursued, namely protein tagging for a narrower, targeted 
study, or proteomics in order to have a wider view of the metabolic changes. Shotgun 
lipidomics combined with label-free quantification (shotgun) of the proteome are valuable 




tools to establish a connection between proteome and lipidome, to understand putative co-
variation, and specifically to elucidate the regulation of lipid metabolism (Casanovas et al., 
2015). 
It would be insightful to dissect each lipid synthesis pathway separately. The FA 
synthesis pathway should be addressed in more detail as it may provide a good indication 
of disturbances in PL and TG synthesis (FA-requiring processes). The levels of acetyl-CoA 
carboxylase, the first and rate-limiting enzyme of this pathway, could be determined, 
followed by the Fas1p-Fas2p complex quantification. The next step would be the study of 
Pah1p, an enzyme responsible to convert PA into DG, which is critical for TAG synthesis 
and LD formation. It also controls the levels of PA for the synthesis of PL, thus giving 
information on both synthetic processes. These data should help determine the next steps 
regarding the study of the CDP-DG and TG pathways. These experiments would allow for 
a better understanding of the differences between mistranslating strains regarding whole-
cell PL and TG profiles. 
Data interpretation of the mitochondrial lipidomics study could be improved by the study 
of further parameters, namely the activity of the various respiratory complexes, whose 
functions are modulated by CL and PL mixes. More urgent, complex IV proteins should be 
quantified to verify whether the reason of its reduced activity in the Ser-to-Gly strain was 
due to reduced protein levels. Also, since the assembly of respiratory supercomplexes is 
dependent on CL, a 2D BN/SDS-PAGE would provide insight on structural and functional 
alterations. 
Since our strains did not show prominent phenotypes, it would be interesting to study the 
effects of mistranslation in the lipidome using multicopy plasmids. An effective alternative 
would be to study other types of mistranslation, like the exchange of Leu by Ser. However, 
with the exception of C. albicans, such exchange is less probable to occur successfully in 
nature (Henikoff and Henikoff, 1992) due to the physico-chemical properties of each amino 
acid and thus it is easier to detect by the cell’s quality control mechanisms. Therefore, the 
amino acid substitutions studied here are more relevant in the context of disease. 
Beyond our study, an interesting future study would be to isolate and analyze ER lipids, 
since this organelle is the main site of lipid synthesis, protein folding and accumulation of 
protein aggregates. Detection of alterations in lipid profiles could be a starting point to further 
assay UPR-triggering lipids. 
Finally, Ser misincorporation should be quantified in our mistranslating strains through a 
mass-spectrometry-based method or a fluorescent reporter. This would clarify the level of 






























ACD/ChemSketch v2.0 (2015). Advanced Chemistry Development, Inc., Toronto, On, 
Canada, www.acdlabs.com. 
Acehan, D., Malhotra, A., Xu, Y., Ren, M., Stokes, D.L., and Schlame, M. (2011). Cardiolipin 
affects the supramolecular organization of ATP synthase in mitochondria. Biophys. J. 100, 
2184–2192. 
Agbaga, M.-P., Brush, R.S., Mandal, M.N.A., Henry, K., Elliott, M.H., and Anderson, R.E. 
(2008). Role of Stargardt-3 macular dystrophy protein (ELOVL4) in the biosynthesis of very 
long chain fatty acids. Proc. Natl. Acad. Sci. U. S. A. 105, 12843–12848. 
Agris, P.F. (2004). Decoding the genome: a modified view. Nucleic Acids Res. 32, 223–
238. 
Agris, P.F. (2008). Bringing order to translation: the contributions of transfer RNA anticodon-
domain modifications. EMBO Rep. 9, 629–635. 
Aikawa, S., Hashimoto, T., Kano, K., and Aoki, J. (2015). Lysophosphatidic acid as a lipid 
mediator with multiple biological actions. J. Biochem. 157, 81–89. 
Aitken, C.E., and Lorsch, J.R. (2012). A mechanistic overview of translation initiation in 
eukaryotes. Nat. Struct. Mol. Biol. 19, 568–576. 
Allmang, C., Wurth, L., and Krol, A. (2009). The selenium to selenoprotein pathway in 
eukaryotes: More molecular partners than anticipated. Biochim. Biophys. Acta - Gen. Subj. 
1790, 1415–1423. 
Ambasudhan, R., Wang, X., Jablonski, M.M., Thompson, D.A., Lagali, P.S., Wong, P.W., 
Sieving, P.A., and Ayyagari, R. (2004). Atrophic macular degeneration mutations in 
ELOVL4 result in the intracellular misrouting of the protein. Genomics 83, 615–625. 
Antonny, B., Vanni, S., Shindou, H., and Ferreira, T. (2015). From zero to six double bonds: 
phospholipid unsaturation and organelle function. Trends Cell Biol. 25, 427–436. 
Argueso, J.L., Carazzolle, M.F., Mieczkowski, P.A., Duarte, F.M., Netto, O.V.C., Missawa, 
S.K., Galzerani, F., Costa, G.G.L., Vidal, R.O., Noronha, M.F., et al. (2009). Genome 
structure of a Saccharomyces cerevisiae strain widely used in bioethanol production. 
Genome Res. 19, 2258–2270. 
Arnarez, C., Mazat, J.-P., Elezgaray, J., Marrink, S.-J., and Periole, X. (2013a). Evidence 
for cardiolipin binding sites on the membrane-exposed surface of the cytochrome bc1. J. 
Am. Chem. Soc. 135, 3112–3120. 
Arnarez, C., Marrink, S.J., and Periole, X. (2013b). Identification of cardiolipin binding sites 
on cytochrome c oxidase at the entrance of proton channels. Sci. Rep. 3, 1263. 
Asahara, H., Himeno, H., Tamura, K., Hasegawa, T., Watanabe, K., and Shimizu, M. 
(1993). Recognition nucleotides of Escherichia coli tRNA(Leu) and its elements facilitating 
discrimination from tRNASer and tRNA(Tyr). J. Mol. Biol. 231, 219–229. 
Athenstaedt, K., and Daum, G. (2005). Tgl4p and Tgl5p, two triacylglycerol lipases of the 






Athenstaedt, K., and Daum, G. (2006). The life cycle of neutral lipids: synthesis, storage 
and degradation. Cell. Mol. Life Sci. 63, 1355–1369. 
Aued-Pimentel, S., Lago, J.H.G., Chaves, M.H., and Kumagai, E.E. (2004). Evaluation of a 
methylation procedure to determine cyclopropenoids fatty acids from Sterculia striata St. 
Hil. Et Nauds seed oil. J. Chromatogr. A 1054, 235–239. 
Baba, S.W., Belogrudov, G.I., and Lee, J.C. (2004). Yeast Coq5 C-methyltransferase is 
required for stability of other polypeptides involved in coenzyme Q biosynthesis. J. Biol. 
Chem. 279, 10052–10059. 
Bacher, J.M., and Schimmel, P. (2007). An editing-defective aminoacyl-tRNA synthetase is 
mutagenic in aging bacteria via the SOS response. Proc. Natl. Acad. Sci. U. S. A. 104, 
1907–1912. 
Bacher, J.M., Waas, W.F., Metzgar, D., de Crecy-Lagard, V., and Schimmel, P. (2007). 
Genetic code ambiguity confers a selective advantage on Acinetobacter baylyi. J. Bacteriol. 
189, 6494–6496. 
Baile, M.G., Lu, Y.-W., and Claypool, S.M. (2014a). The topology and regulation of 
cardiolipin biosynthesis and remodeling in yeast. Chem. Phys. Lipids 179, 25–31. 
Baile, M.G., Sathappa, M., Lu, Y.-W., Pryce, E., Whited, K., McCaffery, J.M., Han, X., Alder, 
N.N., and Claypool, S.M. (2014b). Unremodeled and remodeled cardiolipin are functionally 
indistinguishable in yeast. J. Biol. Chem. 289, 1768–1778. 
Baker, B.M., and Haynes, C.M. (2011). Mitochondrial protein quality control during 
biogenesis and aging. Trends Biochem. Sci. 36, 254–261. 
Ballesteros, M., Fredriksson, A.,̊ Henriksson, J., and Nyström, T. (2001). Bacterial 
senescence: Protein oxidation in non-proliferating cells is dictated by the accuracy of the 
ribosomes. EMBO J. 20, 5280–5289. 
Barelli, H., and Antonny, B. (2016). Lipid unsaturation and organelle dynamics. Curr. Opin. 
Cell Biol. 41, 25–32. 
Barnett, D.W., Garrison, E.K., Quinlan, A.R., Str̈mberg, M.P., and Marth, G.T. (2011). 
Bamtools: A C++ API and toolkit for analyzing and managing BAM files. Bioinformatics 27, 
1691–1692. 
Barros, M.H., Bandy, B., Tahara, E.B., and Kowaltowski, A.J. (2004). Higher respiratory 
activity decreases mitochondrial reactive oxygen release and increases life span in 
Saccharomyces cerevisiae. J. Biol. Chem. 279, 49883–49888. 
Barth, P.G., Valianpour, F., Bowen, V.M., Lam, J., Duran, M., Vaz, F.M., and Wanders, 
R.J.A. (2004). X-linked cardioskeletal myopathy and neutropenia (Barth syndrome): an 
update. Am. J. Med. Genet. A 126A, 349–354. 
Bartlett, E.M., and Lewis, D.H. (1970). Spectrophotometric determination of phosphate 
esters in the presence and absence of orthophosphate. Anal. Biochem. 36, 159–167. 
Baud, F., and Karlin, S. (1999). Measures of residue density in protein structures. Proc. 





Bentinger, M., Brismar, K., and Dallner, G. (2007). The antioxidant role of coenzyme Q. 
Mitochondrion 7 Suppl, S41-50. 
Bezerra, A.R., Simões, J., Lee, W., Rung, J., Weil, T., Gut, I.G., Gut, M., Bayés, M., 
Rizzetto, L., Cavalieri, D., et al. (2013). Reversion of a fungal genetic code alteration links 
proteome instability with genomic and phenotypic diversification. Proc. Natl. Acad. Sci. U. 
S. A. 110, 11079–11084. 
Bigay, J., and Antonny, B. (2012). Curvature, Lipid Packing, and Electrostatics of Membrane 
Organelles: Defining Cellular Territories in Determining Specificity. Dev. Cell 23, 886–895. 
Bligh, E.G., and Dyer, W.J. (1959). A rapid method of total lipid extraction and purification. 
Can. J. Biochem. Physiol. 37, 911–917. 
Bochkov, V.N., Oskolkova, O. V, Birukov, K.G., Levonen, A.-L., Binder, C.J., and Stöckl, J. 
(2010). Generation and biological activities of oxidized phospholipids. Antioxid. Redox 
Signal. 12, 1009–1059. 
Boczonadi, V., and Horvath, R. (2014). Mitochondria: impaired mitochondrial translation in 
human disease. Int. J. Biochem. Cell Biol. 48, 77–84. 
Bonkowski, M.S., and Sinclair, D.A. (2016). Slowing ageing by design: the rise of NAD+ and 
sirtuin-activating compounds. Nat. Rev. Mol. Cell Biol. 230, 2–3. 
Borneman, A.R., Desany, B.A., Riches, D., Affourtit, J.P., Forgan, A.H., Pretorius, I.S., 
Egholm, M., and Chambers, P.J. (2011). Whole-Genome Comparison Reveals Novel 
Genetic Elements That Characterize the Genome of Industrial Strains of Saccharomyces 
cerevisiae. PLoS Genet. 7, e1001287. 
Böttinger, L., Horvath, S.E., Kleinschroth, T., Hunte, C., Daum, G., Pfanner, N., and Becker, 
T. (2012). Phosphatidylethanolamine and cardiolipin differentially affect the stability of 
mitochondrial respiratory chain supercomplexes. J. Mol. Biol. 423, 677–686. 
Boumann, H.A., Gubbens, J., Koorengevel, M.C., Oh, C.-S., Martin, C.E., Heck, A.J.R., 
Patton-Vogt, J., Henry, S.A., de Kruijff, B., and de Kroon, A.I.P.M. (2006). Depletion of 
phosphatidylcholine in yeast induces shortening and increased saturation of the lipid acyl 
chains: evidence for regulation of intrinsic membrane curvature in a eukaryote. Mol. Biol. 
Cell 17, 1006–1017. 
Brachmann, C.B., Sherman, J.M., Devine, S.E., Cameron, E.E., Pillus, L., and Boeke, J.D. 
(1995). The SIR2 gene family, conserved from bacteria to humans, functions in silencing, 
cell cycle progression, and chromosome stability. Genes Dev. 9, 2888–2902. 
Bradford, M.M. (1976). A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–
254. 
Brandon, M.C., Lott, M.T., Nguyen, K.C., Spolim, S., Navathe, S.B., Baldi, P., and Wallace, 
D.C. (2005). MITOMAP: a human mitochondrial genome database--2004 update. Nucleic 
Acids Res. 33, D611--3. 
Breslow, D.K., Cameron, D.M., Collins, S.R., Schuldiner, M., Stewart-Ornstein, J., Newman, 





comprehensive strategy enabling high-resolution functional analysis of the yeast genome. 
Nat. Methods 5, 711–718. 
Brody, S., Oh, C., Hoja, U., and Schweizer, E. (1997). Mitochondrial acyl carrier protein is 
involved in lipoic acid synthesis in Saccharomyces cerevisiae. FEBS Lett. 408, 217–220. 
Brown, G.C., and Borutaite, V. (2012). There is no evidence that mitochondria are the main 
source of reactive oxygen species in mammalian cells. Mitochondrion 12, 1–4. 
Buchberger, A., Bukau, B., and Sommer, T. (2010). Protein quality control in the cytosol 
and the endoplasmic reticulum: brothers in arms. Mol. Cell 40, 238–252. 
Burda, P., Jakob, C.A., Beinhauer, J., Hegemann, J.H., and Aebi, M. (1999). Ordered 
assembly of the asymmetrically branched lipid-linked oligosaccharide in the endoplasmic 
reticulum is ensured by the substrate specificity of the individual glycosyltransferases. 
Glycobiology 9, 617–625. 
Bykhovskaya, Y., Casas, K., Mengesha, E., Inbal, A., and Fischel-Ghodsian, N. (2004). 
Missense mutation in pseudouridine synthase 1 (PUS1) causes mitochondrial myopathy 
and sideroblastic anemia (MLASA). Am. J. Hum. Genet. 74, 1303–1308. 
Cantara, W.A., Crain, P.F., Rozenski, J., McCloskey, J.A., Harris, K.A., Zhang, X., Vendeix, 
F.A.P., Fabris, D., and Agris, P.F. (2011). The RNA Modification Database, RNAMDB: 2011 
update. Nucleic Acids Res. 39, D195-201. 
Carman, G.M., and Henry, S.A. (2013). Phosphatidic Acid Plays a Central Role in the 
Transcriptional Regulation of Glycerophospholipid Synthesis in Saccharomyces cerevisiae. 
J Biol Chem 282, 37293–37297. 
Carman, G.M., Han, G.-S., Janssen, M.J., Koorengevel, M.C., De Kruijff, B., and De Kroon, 
A.I. (2009). Regulation of phospholipid synthesis in yeast. Yeast Chichester Engl. 50 Suppl, 
641–650. 
Casanovas, A., Sprenger, R.R., Tarasov, K., Ruckerbauer, D.E., Hannibal-Bach, H.K., 
Zanghellini, J., Jensen, O.N., and Ejsing, C.S. (2015). Quantitative analysis of proteome 
and lipidome dynamics reveals functional regulation of global lipid metabolism. Chem. Biol. 
22, 412–425. 
Chen, Q., Kazachkov, M., Zheng, Z., and Zou, J. (2007). The yeast acylglycerol 
acyltransferase LCA1 is a key component of Lands cycle for phosphatidylcholine turnover. 
FEBS Lett. 581, 5511–5516. 
Cherry, J.M., Hong, E.L., Amundsen, C., Balakrishnan, R., Binkley, G., Chan, E.T., Christie, 
K.R., Costanzo, M.C., Dwight, S.S., Engel, S.R., et al. (2012). Saccharomyces Genome 
Database: the genomics resource of budding yeast. Nucleic Acids Res. 40, D700-5. 
Choi, Y., Sims, G.E., Murphy, S., Miller, J.R., Chan, A.P., Altshuler, D., Gibbs, R., Peltonen, 
L., Dermitzakis, E., Schaffner, S., et al. (2012). Predicting the Functional Effect of Amino 
Acid Substitutions and Indels. PLoS One 7, e46688. 
Chow, C.Y., Zhang, Y., Dowling, J.J., Jin, N., Adamska, M., Shiga, K., Szigeti, K., Shy, M.E., 
Li, J., Zhang, X., et al. (2007). Mutation of FIG4 causes neurodegeneration in the pale 





Claypool, S.M., Oktay, Y., Boontheung, P., Loo, J.A., and Koehler, C.M. (2008a). Cardiolipin 
defines the interactome of the major ADP/ATP carrier protein of the mitochondrial inner 
membrane. J. Cell Biol. 182, 937–950. 
Claypool, S.M., Boontheung, P., McCaffery, J.M., Loo, J.A., and Koehler, C.M. (2008b). The 
cardiolipin transacylase, tafazzin, associates with two distinct respiratory components 
providing insight into Barth syndrome. Mol. Biol. Cell 19, 5143–5155. 
Cole, L.K., Vance, J.E., and Vance, D.E. (2012). Phosphatidylcholine biosynthesis and 
lipoprotein metabolism. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1821, 754–761. 
Connor, W.E., Lin, D.S., Wolf, D.P., and Alexander, M. (1998). Uneven distribution of 
desmosterol and docosahexaenoic acid in the heads and tails of monkey sperm. J. Lipid 
Res. 39, 1404–1411. 
Costa, T.L.V.M. (2012). Cellular responses to genome mistranslation. Aveiro. 
Crick, F.H. (1958). On protein synthesis. Symp Soc Exp Biol 12, 138–163. 
Crick, F.H.C. (1966). Codon-Anticodon Pairing - Wobble Hypothesis. J. Mol. Biol. 19, 548-. 
Cromie, G.A., Hyma, K.E., Ludlow, C.L., Garmendia-Torres, C., Gilbert, T.L., May, P., 
Huang, A.A., Dudley, A.M., and Fay, J.C. (2013). Genomic sequence diversity and 
population structure of Saccharomyces cerevisiae assessed by RAD-seq. G3 (Bethesda). 
3, 2163–2171. 
Dai, Y.-N., Zhou, K., Cao, D.-D., Jiang, Y.-L., Meng, F., Chi, C.-B., Ren, Y.-M., Chen, Y., 
and Zhou, C.-Z. (2014). Crystal structures and catalytic mechanism of the C-
methyltransferase Coq5 provide insights into a key step of the yeast coenzyme Q synthesis 
pathway. Acta Crystallogr. D. Biol. Crystallogr. 70, 2085–2092. 
Daum, G., Gasser, S.M., and Schatz, G. (1982). Import of proteins into mitochondria. 
Energy-dependent, two-step processing of the intermembrane space enzyme cytochrome 
b2 by isolated yeast mitochondria. J. Biol. Chem. 257, 13075–13080. 
Daum, G., Tuller, G., Nemec, T., Hrastnik, C., Balliano, G., Cattel, L., Milla, P., Rocco, F., 
Conzelmann, A., Vionnet, C., et al. (1999). Systematic analysis of yeast strains with 
possible defects in lipid metabolism. Yeast 15, 601–614. 
Deng, L., Fukuda, R., Kakihara, T., Narita, K., and Ohta, A. (2010). Incorporation and 
remodeling of phosphatidylethanolamine containing short acyl residues in yeast. Biochim. 
Biophys. Acta - Mol. Cell Biol. Lipids 1801, 635–645. 
Dennis, E.A. (2015). Introduction to Thematic Review Series: Phospholipases: Central Role 
in Lipid Signaling and Disease. J. Lipid Res. 56, 1245–1247. 
Dever, T.E., and Green, R. (2012). The Elongation, Termination, and Recycling Phases of 
Translation in Eukaryotes. Cold Spring Harb. Perspect. Biol. 4, a013706–a013706. 
Dock-Bregeon, A.C., Garcia, A., Giegé, R., and Moras, D. (1990). The contacts of yeast 






Di Donato, S., and Taroni, F. (2015). Chapter 50 – Disorders of Lipid Metabolism. In 
Rosenberg’s Molecular and Genetic Basis of Neurological and Psychiatric Disease, 
(Academic Press), pp. 559–576. 
Döring, V., Mootz, H.D., Nangle, L.A., Hendrickson, T.L., de Crécy-Lagard, V., Schimmel, 
P., and Marlière, P. (2001). Enlarging the amino acid set of Escherichia coli by infiltration of 
the valine coding pathway. Science 292, 501–504. 
Dowhan, W., and Bogdanov, M. (2009). Lipid-dependent membrane protein topogenesis. 
Annu. Rev. Biochem. 78, 515–540. 
Drin, G., Casella, J.-F., Gautier, R., Boehmer, T., Schwartz, T.U., and Antonny, B. (2007). 
A general amphipathic alpha-helical motif for sensing membrane curvature. Nat. Struct. Mol. 
Biol. 14, 138–146. 
Drummond, D.A., and Wilke, C.O. (2009). The evolutionary consequences of erroneous 
protein synthesis. Nat. Rev. Genet. 10, 715–724. 
Dunn, B., Richter, C., Kvitek, D.J., Pugh, T., and Sherlock, G. (2012). Analysis of the 
Saccharomyces cerevisiae pan-genome reveals a pool of copy number variants distributed 
in diverse yeast strains from differing industrial environments. Genome Res. 22, 908–924. 
Ejsing, C.S., Sampaio, J.L., Surendranath, V., Duchoslav, E., Ekroos, K., Klemm, R.W., 
Simons, K., and Shevchenko, A. (2009). Global analysis of the yeast lipidome by 
quantitative shotgun mass spectrometry. Proc. Natl. Acad. Sci. U. S. A. 106, 2136–2141. 
Emmanuele, V., López, L.C., Berardo, A., Naini, A., Tadesse, S., Wen, B., D’Agostino, E., 
Solomon, M., DiMauro, S., Quinzii, C., et al. (2012). Heterogeneity of Coenzyme Q 10 
Deficiency. Arch. Neurol. 69, 361–365. 
Emoto, K., and Umeda, M. (2000). An Essential Role for a Membrane Lipid in Cytokinesis. 
J. Cell Biol. 149, 1215–1224. 
Enriquez, J.A., Chomyn, A., and Attardi, G. (1995). MtDNA mutation in MERRF syndrome 
causes defective aminoacylation of tRNA(Lys) and premature translation termination. Nat. 
Genet. 10, 47–55. 
Epand, R.M. (2016). Features of the Phosphatidylinositol Cycle and its Role in Signal 
Transduction. J. Membr. Biol. 
Fahy, E., Cotter, D., Sud, M., and Subramaniam, S. (2011). Lipid classification, structures 
and tools. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1811, 637–647. 
Fan, Y., Wu, J., Ung, M.H., De Lay, N., Cheng, C., and Ling, J. (2015). Protein 
mistranslation protects bacteria against oxidative stress. Nucleic Acids Res. 43, 1740–1748. 
Fersht, A.R. (1977). Editing mechanisms in protein synthesis. Rejection of valine by the 
isoleucyl-tRNA synthetase. Biochemistry 16, 1025–1030. 
Fersht, A.R., and Kaethner, M.M. (1976). Enzyme hyperspecificity. Rejection of threonine 






Flattery-O’Brien, J., Collinson, L.P., and Dawes, I.W. (1993). Saccharomyces cerevisiae 
has an Inducible Response to Menadione which differs from that to Hydrogen Peroxide. J. 
Gen. Microbiol. 139, 501–507. 
Freed, E.F., Bleichert, F., Dutca, L.M., and Baserga, S.J. (2010). When ribosomes go bad: 
diseases of ribosome biogenesis. Mol. Biosyst. 6, 481–493. 
Froyd, C.A., and Rusche, L.N. (2011). The duplicated deacetylases Sir2 and Hst1 
subfunctionalized by acquiring complementary inactivating mutations. Mol. Cell. Biol. 31, 
3351–3365. 
Futerman, A.H., and van Meer, G. (2004). The cell biology of lysosomal storage disorders. 
Nat. Rev. Mol. Cell Biol. 5, 554–565. 
Gasch, A.P. (2002a). The Environmental Stress Response: a common yeast response to 
environmental stresses. In Yeast Stress Responses, S.. M. Hohmann P., ed. (Springer-
Verlag Heidelberg), pp. 11–70. 
Gasch, A.P. (2002b). The environmental stress response: a common yeast response to 
diverse environmental stresses. Top. Curr. Genet. 11–70. 
Geiger, O., López-Lara, I.M., and Sohlenkamp, C. (2013). Phosphatidylcholine biosynthesis 
and function in bacteria. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1831, 503–513. 
Geslain, R., Cubells, L., Bori-Sanz, T., Alvarez-Medina, R., Rossell, D., Marti, E., and de 
Pouplana, L.R. (2010). Chimeric tRNAs as tools to induce proteome damage and identify 
components of stress responses. Nucleic Acids Res. 38. 
Giege, R., Sissler, M., and Florentz, C. (1998). Universal rules and idiosyncratic features in 
tRNA identity. Nucleic Acids Res. 26, 5017–5035. 
Gietz, R.D., and Woods, R.A. (2002). Transformation of yeast by lithium acetate/single-
stranded carrier DNA/polyethylene glycol method. Methods Enzymol. 350, 87–96. 
Gohil, V.M., Thompson, M.N., and Greenberg, M.L. (2005). Synthetic lethal interaction of 
the mitochondrial phosphatidylethanolamine and cardiolipin biosynthetic pathways in 
Saccharomyces cerevisiae. J. Biol. Chem. 280, 35410–35416. 
Gomes, A.C.E.O. (2012). The role of environmental stress on protein synthesis fidelity. 
Thesis. University of Aveiro. 
Gomes, A.C., Miranda, I., Silva, R.M., Moura, G.R., Thomas, B., Akoulitchev, A., and 
Santos, M.A.S. (2007). A genetic code alteration generates a proteome of high diversity in 
the human pathogen Candida albicans. Genome Biol. 8, R206. 
Gomez, B., and Robinson, N.C. (1999). Phospholipase digestion of bound cardiolipin 
reversibly inactivates bovine cytochrome bc1. Biochemistry 38, 9031–9038. 
Gonzalez, M., Nampoothiri, S., Kornblum, C., Oteyza, A.C., Walter, J., Konidari, I., Hulme, 
W., Speziani, F., Schöls, L., Züchner, S., et al. (2013). Mutations in phospholipase DDHD2 






Götz, A., Tyynismaa, H., Euro, L., Ellonen, P., Hyötyläinen, T., Ojala, T., Hämäläinen, R.H., 
Tommiska, J., Raivio, T., Oresic, M., et al. (2011). Exome sequencing identifies 
mitochondrial alanyl-tRNA synthetase mutations in infantile mitochondrial cardiomyopathy. 
Am. J. Hum. Genet. 88, 635–642. 
Graham, J.M., and Graham, J.M. (2001). Purification of a Crude Mitochondrial Fraction by 
Density-Gradient Centrifugation. In Current Protocols in Cell Biology, (Hoboken, NJ, USA: 
John Wiley & Sons, Inc.), p. 3.4.1-3.4.22. 
Grayson, C., and Molday, R.S. (2005). Dominant negative mechanism underlies autosomal 
dominant Stargardt-like macular dystrophy linked to mutations in ELOVL4. J. Biol. Chem. 
280, 32521–32530. 
Greaves, L.C., Reeve, A.K., Taylor, R.W., and Turnbull, D.M. (2012). Mitochondrial DNA 
and disease. J. Pathol. 226, 274–286. 
Grzelczyk, A., and Gendaszewska-Darmach, E. (2013). Novel bioactive glycerol-based 
lysophospholipids: New data-New insight into their function. Biochimie 95, 667–679. 
Gsponer, J., and Babu, M.M. (2012). Cellular Strategies for Regulating Functional and 
Nonfunctional Protein Aggregation. Cell Rep. 2, 1425–1437. 
Le Guédard, M., Bessoule, J.-J., Boyer, V., Ayciriex, S., Velours, G., Kulik, W., Ejsing, C.S., 
Shevchenko, A., Coulon, D., Lessire, R., et al. (2009). PSI1 is responsible for the stearic 
acid enrichment that is characteristic of phosphatidylinositol in yeast. FEBS J. 276, 6412–
6424. 
Haines, T.H., and Dencher, N.A. (2002). Cardiolipin: a proton trap for oxidative 
phosphorylation. FEBS Lett. 528, 35–39. 
Han, G.-S., Wu, W.-I., and Carman, G.M. (2006). The Saccharomyces cerevisiae Lipin 
homolog is a Mg2+-dependent phosphatidate phosphatase enzyme. J. Biol. Chem. 281, 
9210–9218. 
Han, X., Abendschein, D.R., Kelley, J.G., and Gross, R.W. (2000). Diabetes-induced 
changes in specific lipid molecular species in rat myocardium. Biochem. J. 352, 79–89. 
Hanson, S.R., Culyba, E.K., Hsu, T.-L., Wong, C.-H., Kelly, J.W., and Powers, E.T. (2009). 
The core trisaccharide of an N-linked glycoprotein intrinsically accelerates folding and 
enhances stability. Proc. Natl. Acad. Sci. U. S. A. 106, 3131–3136. 
Hanssum, A., Zhong, Z., Rousseau, A., Krzyzosiak, A., Sigurdardottir, A., and Bertolotti, A. 
(2014). An inducible chaperone adapts proteasome assembly to stress. Mol. Cell 55, 566–
577. 
Hao, B., Gong, W., Ferguson, T.K., James, C.M., Krzycki, J.A., and Chan, M.K. (2002). A 
new UAG-encoded residue in the structure of a methanogen methyltransferase. Science 
(80-. ). 296, 1462–1466. 
Harizi, H., Corcuff, J.-B., and Gualde, N. (2008). Arachidonic-acid-derived eicosanoids: 
roles in biology and immunopathology. Trends Mol. Med. 14, 461–469. 





Leber, R., and Zimmermann, R. (2010). Identification of Yju3p as functional orthologue of 
mammalian monoglyceride lipase in the yeast Saccharomyces cerevisiae. Biochim. 
Biophys. Acta - Mol. Cell Biol. Lipids 1801, 1063–1071. 
Henikoff, S., and Henikoff, J.G. (1992). Amino acid substitution matrices from protein 
blocks. Proc. Natl. Acad. Sci. U. S. A. 89, 10915–10919. 
Henry, S. a., Kohlwein, S.D., and Carman, G.M. (2012). Metabolism and regulation of 
glycerolipids in the yeast Saccharomyces cerevisiae. Genetics 190, 317–349. 
Higdon, A., Diers, A.R., Oh, J.Y., Landar, A., and Darley‑Usmar, V.M. (2012). Cell signalling 
by reactive lipid species: new concepts and molecular mechanisms. Biochem. J. 442, 453–
464. 
Hiltunen, J.K., Schonauer, M.S., Autio, K.J., Mittelmeier, T.M., Kastaniotis, A.J., and 
Dieckmann, C.L. (2009). Mitochondrial Fatty Acid Synthesis Type II: More than Just Fatty 
Acids. J. Biol. Chem. 284, 9011–9015. 
Hiltunen, J.K., Autio, K.J., Schonauer, M.S., Kursu, V.A.S., Dieckmann, C.L., and 
Kastaniotis, A.J. (2010). Mitochondrial fatty acid synthesis and respiration. Biochim. 
Biophys. Acta - Bioenerg. 1797, 1195–1202. 
Hinnebusch, A.G., and Lorsch, J.R. (2012). The Mechanism of Eukaryotic Translation 
Initiation: New Insights and Challenges. Cold Spring Harb. Perspect. Biol. 4, a011544–
a011544. 
Hittinger, C.T. (2013). Saccharomyces diversity and evolution: a budding model genus. 
Trends Genet. 29, 309–317. 
Hoja, U., Marthol, S., Hofmann, J., Stegner, S., Schulz, R., Meier, S., Greiner, E., and 
Schweizer, E. (2004). HFA1 encoding an organelle-specific acetyl-CoA carboxylase 
controls mitochondrial fatty acid synthesis in Saccharomyces cerevisiae. J. Biol. Chem. 279, 
21779–21786. 
Holthuis, J.C.M., and Menon, A.K. (2014). Lipid landscapes and pipelines in membrane 
homeostasis. Nature 510, 48–57. 
Hoppe, T., Matuschewski, K., Rape, M., Schlenker, S., Ulrich, H.D., and Jentsch, S. (2000). 
Activation of a membrane-bound transcription factor by regulated ubiquitin/proteasome-
dependent processing. Cell 102, 577–586. 
Hopper, A.K. (2013). Transfer RNA post-transcriptional processing, turnover, and 
subcellular dynamics in the yeast Saccharomyces cerevisiae. Genetics 194, 43–67. 
Hsieh, C.-C., Yen, M.-H., Liu, H.-W., and Lau, Y.-T. (2000). Lysophosphatidylcholine 
induces apoptotic and non-apoptotic death in vascular smooth muscle cells: in comparison 
with oxidized LDL. Atherosclerosis 151, 481–491. 
Hsieh, E.J., Gin, P., Gulmezian, M., Tran, U.C., Saiki, R., Marbois, B.N., and Clarke, C.F. 
(2007). Saccharomyces cerevisiae Coq9 polypeptide is a subunit of the mitochondrial 
coenzyme Q biosynthetic complex. Arch. Biochem. Biophys. 463, 19–26. 





Structural characterization of cardiolipin by tandem quadrupole and multiple-stage 
quadrupole ion-trap mass spectrometry with electrospray ionization. J. Am. Soc. Mass 
Spectrom. 16, 491–504. 
Ichimura, Y., Kirisako, T., Takao, T., Satomi, Y., Shimonishi, Y., Ishihara, N., Mizushima, 
N., Tanida, I., Kominami, E., Ohsumi, M., et al. (2000). A ubiquitin-like system mediates 
protein lipidation. Nature 408, 488–492. 
Jandrositz, A., Petschnigg, J., Zimmermann, R., Natter, K., Scholze, H., Hermetter, A., 
Kohlwein, S.D., and Leber, R. (2005). The lipid droplet enzyme Tgl1p hydrolyzes both steryl 
esters and triglycerides in the yeast, Saccharomyces cerevisiae. Biochim. Biophys. Acta 
1735, 50–58. 
Joshi, A.S., Thompson, M.N., Fei, N., Ttemann, M.H., and Greenberg, M.L. (2012). 
Cardiolipin and mitochondrial phosphatidylethanolamine have overlapping functions in 
mitochondrial fusion in Saccharomyces cerevisiae. J. Biol. Chem. 287, 17589–17597. 
Kaeberlein, M. (2010). Lessons on longevity from budding yeast. Nature 464, 513–519. 
Kagan, V.E., Bayir, H.A., Belikova, N.A., Kapralov, O., Tyurina, Y.Y., Tyurin, V.A., Jiang, J., 
Stoyanovsky, D.A., Wipf, P., Kochanek, P.M., et al. (2009). Cytochrome c/cardiolipin 
relations in mitochondria: a kiss of death. Free Radic. Biol. Med. 46, 1439–1453. 
Kajiwara, S., Aritomi, T., Suga, K., Ohtaguchi, K., and Kobayashi, O. (2000). 
Overexpression of the OLE1 gene enhances ethanol fermentation by Saccharomyces 
cerevisiae. Appl. Microbiol. Biotechnol. 53, 568–574. 
Käkelä, R., Somerharju, P., and Tyynelä, J. (2003). Analysis of phospholipid molecular 
species in brains from patients with infantile and juvenile neuronal-ceroid lipofuscinosis 
using liquid chromatography-electrospray ionization mass spectrometry. J. Neurochem. 84, 
1051–1065. 
Kalapis, D., Bezerra, A.R., Farkas, Z., Horvath, P., Bódi, Z., Daraba, A., Szamecz, B., Gut, 
I., Bayes, M., Santos, M.A.S., et al. (2015). Evolution of Robustness to Protein 
Mistranslation by Accelerated Protein Turnover. PLoS Biol. 13. 
Karan, G., Yang, Z., Howes, K., Zhao, Y., Chen, Y., Cameron, D.J., Lin, Y., Pearson, E., 
and Zhang, K. (2005). Loss of ER retention and sequestration of the wild-type ELOVL4 by 
Stargardt disease dominant negative mutants. Mol. Vis. 11, 657–664. 
Kastaniotis, A.J., Autio, K.J., Kerätär, J.M., Monteuuis, G., Mäkelä, A.M., Nair, R.R., 
Pietikäinen, L.P., Shvetsova, A., Chen, Z., and Hiltunen, J.K. (2016). Mitochondrial fatty 
acid synthesis, fatty acids and mitochondrial physiology. Biochim. Biophys. Acta - Mol. Cell 
Biol. Lipids. 
Kawamukai, M. (2015). Biosynthesis of coenzyme Q in eukaryotes. Biosci. Biotechnol. 
Biochem. 80, 23–33. 
Kellis, M., Birren, B.W., and Lander, E.S. (2004). Proof and evolutionary analysis of ancient 
genome duplication in the yeast Saccharomyces cerevisiae. Nature 428, 617–624. 
Kim, H.S., Kim, N.R., and Choi, W. (2011). Total fatty acid content of the plasma membrane 





unsaturation. Biotechnol. Lett. 33, 509–515. 
Kishino, H., Eguchi, H., Takagi, K., Horiuchi, H., Fukuda, R., and Ohta, A. (2014). Acyl-
chain remodeling of dioctanoyl-phosphatidylcholine in Saccharomyces cerevisiae mutant 
defective in de novo and salvage phosphatidylcholine synthesis. 
Kitamura, A., Kubota, H., Pack, C.-G., Matsumoto, G., Hirayama, S., Takahashi, Y., Kimura, 
H., Kinjo, M., Morimoto, R.I., and Nagata, K. (2006). Cytosolic chaperonin prevents 
polyglutamine toxicity with altering the aggregation state. Nat. Cell Biol. 8, 1163–1170. 
Klose, C., Surma, M. a, Gerl, M.J., Meyenhofer, F., Shevchenko, A., and Simons, K. (2012). 
Flexibility of a eukaryotic lipidome-insights from yeast lipidomics. PLoS One 7, e35063. 
Klug, L., and Daum, G. (2014). Yeast lipid metabolism at a glance. FEMS Yeast Res. 14, 
369–388. 
Kohlwein, S.D. (2010). Triacylglycerol homeostasis: Insights from yeast. J. Biol. Chem. 285, 
15663–15667. 
Konovalova, S., and Tyynismaa, H. (2013). Mitochondrial aminoacyl-tRNA synthetases in 
human disease. Mol. Genet. Metab. 108, 206–211. 
Kovalchuke, O., Kambampati, R., Pladies, E., and Chakraburtty, K. (1998). Competition and 
cooperation amongst yeast elongation factors. Eur. J. Biochem. 258, 986–993. 
Krzycki, J.A. (2013). The path of lysine to pyrrolysine. Curr. Opin. Chem. Biol. 17, 619–625. 
Lamari, F., Mochel, F., Sedel, F., and Saudubray, J.M. (2013). Disorders of phospholipids, 
sphingolipids and fatty acids biosynthesis: Toward a new category of inherited metabolic 
diseases. J. Inherit. Metab. Dis. 36, 411–425. 
Lands, W.E.M. (1960). Metabolism of glycerolipids. 2. The enzymatic acylation of 
lysolecithin. J. Biol. Chem. 235, 2233–2237. 
Lands, W.E.M. (1965). Lipid Metabolism. Annu. Rev. Biochem. 34, 313–346. 
Lange, C., Nett, J.H., Trumpower, B.L., and Hunte, C. (2001). Specific roles of protein-
phospholipid interactions in the yeast cytochrome bc1 complex structure. EMBO J. 20, 
6591–6600. 
Latour, P., Thauvin-Robinet, C., Baudelet-Méry, C., Soichot, P., Cusin, V., Faivre, L., 
Locatelli, M.-C., Mayençon, M., Sarcey, A., Broussolle, E., et al. (2010). A major 
determinant for binding and aminoacylation of tRNA(Ala) in cytoplasmic Alanyl-tRNA 
synthetase is mutated in dominant axonal Charcot-Marie-Tooth disease. Am. J. Hum. 
Genet. 86, 77–82. 
Lee, J.W., Beebe, K., Nangle, L.A., Jang, J.S., Longo-Guess, C.M., Cook, S.A., Davisson, 
M.T., Sundberg, J.P., Schimmel, P., and Ackerman, S.L. (2006). Editing-defective tRNA 
synthetase causes protein misfolding and neurodegeneration. Nature 443, 50–55. 
Lee, K.S., Patton, J.L., Fido, M., Hines, L.K., Kohlwein, S.D., Paltauf, F., Henry, S.A., and 
Levin, D.E. (1994). The Saccharomyces cerevisiae PLB1 gene encodes a protein required 





Leibundgut, M., Maier, T., Jenni, S., and Ban, N. (2008). The multienzyme architecture of 
eukaryotic fatty acid synthases. Curr. Opin. Struct. Biol. 18, 714–725. 
Lenhard, B., Orellana, O., Ibba, M., and Weygand-Durasevic, I. (1999). tRNA recognition 
and evolution of determinants in seryl-tRNA synthesis. Nucleic Acids Res. 27, 721–729. 
Li, H., and Durbin, R. (2010). Fast and accurate long-read alignment with Burrows-Wheeler 
transform. Bioinformatics 26, 589–595. 
Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis, 
G., and Durbin, R. (2009). The Sequence Alignment/Map format and SAMtools. 
Bioinformatics 25, 2078–2079. 
Libkind, D., Hittinger, C.T., Valério, E., Gonçalves, C., Dover, J., Johnston, M., Gonçalves, 
P., and Sampaio, J.P. (2011). Microbe domestication and the identification of the wild 
genetic stock of lager-brewing yeast. Proc. Natl. Acad. Sci. U. S. A. 108, 14539–14544. 
Ling, J., O’Donoghue, P., and Söll, D. (2015). Genetic code flexibility in microorganisms: 
novel mechanisms and impact on physiology. Nat. Rev. Microbiol. 13, 707–721. 
Liti, G., Carter, D.M., Moses, A.M., Warringer, J., Parts, L., James, S.A., Davey, R.P., 
Roberts, I.N., Burt, A., Koufopanou, V., et al. (2009). Population genomics of domestic and 
wild yeasts. Nature 458, 337–341. 
Lohman, D.C., Forouhar, F., Beebe, E.T., Stefely, M.S., Minogue, C.E., Ulbrich, A., Stefely, 
J.A., Sukumar, S., Luna-Sánchez, M., Jochem, A., et al. (2014). Mitochondrial COQ9 is a 
lipid-binding protein that associates with COQ7 to enable coenzyme Q biosynthesis. Proc. 
Natl. Acad. Sci. U. S. A. 111, E4697-705. 
Lott, M.T., Leipzig, J.N., Derbeneva, O., Michael Xie, H., Chalkia, D., Sarmady, M., 
Procaccio, V., and Wallace, D.C. (2013). MtDNA variation and analysis using Mitomap and 
Mitomaster. Curr. Protoc. Bioinforma. 
Lu, S.-P., and Lin, S.-J. (2010). Regulation of yeast sirtuins by NAD+ metabolism and 
calorie restriction. Biochim. Biophys. Acta - Proteins Proteomics 1804, 1567–1575. 
Lu, Y.-W., and Claypool, S.M. (2015). Disorders of phospholipid metabolism: an emerging 
class of mitochondrial disease due to defects in nuclear genes. Front. Genet. 6, 3. 
Lynch, M., Sung, W., Morris, K., Coffey, N., Landry, C.R., Dopman, E.B., Dickinson, W.J., 
Okamoto, K., Kulkarni, S., Hartl, D.L., et al. (2008). A genome-wide view of the spectrum of 
spontaneous mutations in yeast. Proc. Natl. Acad. Sci. U. S. A. 105, 9272–9277. 
Maciel, E., Domingues, P., and Domingues, M.R.M. (2011). Liquid chromatography/tandem 
mass spectrometry analysis of long-chain oxidation products of cardiolipin induced by the 
hydroxyl radical. Rapid Commun. Mass Spectrom. 25, 316–326. 
MacKinnon, M.A., Curwin, A.J., Gaspard, G.J., Suraci, A.B., Fernandez-Murray, J.P., and 
McMaster, C.R. (2009). The Kap60-Kap95 Karyopherin Complex Directly Regulates 
Phosphatidylcholine Synthesis. J. Biol. Chem. 284, 7376–7384. 
Magwene, P.M., Kayıkçı, Ö., Granek, J.A., Reininga, J.M., Scholl, Z., and Murray, D. (2011). 





Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U. S. A. 108, 1987–1992. 
Marbois, B., Gin, P., Gulmezian, M., and Clarke, C.F. (2009). The yeast Coq4 polypeptide 
organizes a mitochondrial protein complex essential for coenzyme Q biosynthesis. Biochim. 
Biophys. Acta 1791, 69–75. 
Marsit, S., Mena, A., Bigey, F., Sauvage, F.-X., Couloux, A., Guy, J., Legras, J.-L., Barrio, 
E., Dequin, S., and Galeote, V. (2015). Evolutionary Advantage Conferred by an Eukaryote-
to-Eukaryote Gene Transfer Event in Wine Yeasts. Mol. Biol. Evol. 32, 1695–1707. 
Martin, C.E., Oh, C.-S., and Jiang, Y. (2007). Regulation of long chain unsaturated fatty 
acid synthesis in yeast. Biochim. Biophys. Acta 1771, 271–285. 
Mateus, D.D. (2011). Molecular reconstruction of a genetic code alteration. Thesis. 
University of Aveiro. 
Mateus, D.D., Paredes, J.A., Español, Y., Ribas de Pouplana, L., Moura, G.R., and Santos, 
M.A.S. (2013). Molecular reconstruction of a fungal genetic code alteration. RNA Biol. 10, 
969–980. 
Mcclain, W.H. (1993). Transfer-Rna Identity. Faseb J. 7, 72–78. 
McIlwain, S.J., Peris, D., Sardi, M., Moskvin, O. V, Zhan, F., Myers, K.S., Riley, N.M., 
Buzzell, A., Parreiras, L.S., Ong, I.M., et al. (2016). Genome Sequence and Analysis of a 
Stress-Tolerant, Wild-Derived Strain of Saccharomyces cerevisiae Used in Biofuels 
Research. G3 (Bethesda). 6, 1757–1766. 
Meer, G. Van, Voelker, D., and Feigenson, G. (2008). Membrane lipids: where they are and 
how they behave. … Rev. Mol. Cell …. 
Melo, T., Videira, R.A., André, S., Maciel, E., Francisco, C.S., Oliveira-Campos, A.M., 
Rodrigues, L.M., Domingues, M.R.M., Peixoto, F., and Manuel Oliveira, M. (2012). Tacrine 
and its analogues impair mitochondrial function and bioenergetics: a lipidomic analysis in 
rat brain. J. Neurochem. 120, 998–1013. 
Merkel, O., Fido, M., Mayr, J.A., Prüger, H., Raab, F., Zandonella, G., Kohlwein, S.D., and 
Paltauf, F. (1999). Characterization and function in vivo of two novel phospholipases 
B/lysophospholipases from Saccharomyces cerevisiae. J. Biol. Chem. 274, 28121–28127. 
Merkel, O., Oskolkova, O. V., Raab, F., EL-Toukhyel, R., and Paltauf, F. (2005). Regulation 
of activity in vitro and in vivo of three phospholipases B from Saccharomyces cerevisiae. 
Biochem. J. 387. 
Meyerovich, M., Mamou, G., and Ben-Yehuda, S. (2010). Visualizing high error levels 
during gene expression in living bacterial cells. Proc. Natl. Acad. Sci. U. S. A. 107, 11543–
11548. 
Miranda, I., Rocha, R., Santos, M.C., Mateus, D.D., Moura, G.R., Carreto, L., and Santos, 
M.A.S. (2007). A Genetic Code Alteration Is a Phenotype Diversity Generator in the Human 
Pathogen Candida albicans. PLoS One 2. 
Muller, L.A.H., and McCusker, J.H. (2009). A multispecies-based taxonomic microarray 





Yeast Res. 9, 143–152. 
Nakajima, J., Eminoglu, T.F., Vatansever, G., Nakashima, M., Tsurusaki, Y., Saitsu, H., 
Kawashima, H., Matsumoto, N., and Miyake, N. (2014). A novel homozygous YARS2 
mutation causes severe myopathy, lactic acidosis, and sideroblastic anemia 2. J. Hum. 
Genet. 59, 229–232. 
Nakanishi, K., and Nureki, O. (2005). Recent progress of structural biology of tRNA 
processing and modification. Mol. Cells 19, 157–166. 
Nangle, L.A., Motta, C.M., and Schimmel, P. (2006). Global Effects of Mistranslation from 
an Editing Defect in Mammalian Cells. Chem. Biol. 13, 1091–1100. 
Naumova, E.S., Naumov, G.I., Michailova, Y. V., Martynenko, N.N., and Masneuf-
Pomarède, I. (2011). Genetic diversity study of the yeast Saccharomyces bayanus var. 
uvarum reveals introgressed subtelomeric Saccharomyces cerevisiae genes. Res. 
Microbiol. 162, 204–213. 
Netzer, N., Goodenbour, J.M., David, A., Dittmar, K.A., Jones, R.B., Schneider, J.R., Boone, 
D., Eves, E.M., Rosner, M.R., Gibbs, J.S., et al. (2009). Innate immune and chemically 
triggered oxidative stress modifies translational fidelity. Nature 462, 522–526. 
Nierhaus, K.H. (2006). Decoding errors and the involvement of the E-site. Biochimie 88, 
1013–1019. 
Nilsson, I., Ohvo-Rekilä, H., Slotte, J.P., Johnson, A.E., and von Heijne, G. (2001). Inhibition 
of protein translocation across the endoplasmic reticulum membrane by sterols. J. Biol. 
Chem. 276, 41748–41754. 
Novo, M., Bigey, F., Beyne, E., Galeote, V., Gavory, F., Mallet, S., Cambon, B., Legras, J.-
L., Wincker, P., Casaregola, S., et al. (2009). Eukaryote-to-eukaryote gene transfer events 
revealed by the genome sequence of the wine yeast Saccharomyces cerevisiae EC1118. 
Proc. Natl. Acad. Sci. U. S. A. 106, 16333–16338. 
Obinata, H., Hattori, T., Nakane, S., Tatei, K., and Izumi, T. (2005). Identification of 9-
hydroxyoctadecadienoic acid and other oxidized free fatty acids as ligands of the G protein-
coupled receptor G2A. J. Biol. Chem. 280, 40676–40683. 
Oelkers, P., Cromley, D., Padamsee, M., Billheimer, J.T., and Sturley, S.L. (2002). The 
DGA1 gene determines a second triglyceride synthetic pathway in yeast. J. Biol. Chem. 
277, 8877–8881. 
Oh, C.-S., Toke, D.A., Mandala, S., and Martin, C.E. (1997). ELO2 and ELO3, Homologues 
of the Saccharomyces cerevisiae ELO1 Gene, Function in Fatty Acid Elongation and Are 
Required for Sphingolipid Formation. J. Biol. Chem. 272, 17376–17384. 
Ott, M., Gogvadze, V., Orrenius, S., and Zhivotovsky, B. (2007). Mitochondria, oxidative 
stress and cell death. Apoptosis 12, 913–922. 
Pan, T. (2013). Adaptive Translation as a Mechanism of Stress Response and Adaptation. 
Annu. Rev. Genet. 47, 121–137. 





and beyond. Wiley Interdiscip. Rev. RNA. 
Paradies, G., Paradies, V., De Benedictis, V., Ruggiero, F.M., and Petrosillo, G. (2014). 
Functional role of cardiolipin in mitochondrial bioenergetics. Biochim. Biophys. Acta 1837, 
408–417. 
Paredes, J.C. de A.F. (2010). Molecular study of cell degeneration and evolution induced 
by mRNA mistranslation. Thesis. University of Aveiro. 
Paredes, J., Carreto, L., Simoes, J., Bezerra, A., Gomes, A., Santamaria, R., Kapushesky, 
M., Moura, G., and Santos, M. (2012). Low level genome mistranslations deregulate the 
transcriptome and translatome and generate proteotoxic stress in yeast. BMC Biol. 10, 55. 
Park, S.J., and Schimmel, P. (1988). Evidence for interaction of an aminoacyl transfer RNA 
synthetase with a region important for the identity of its cognate transfer RNA. J. Biol. Chem. 
263, 16527–16530. 
Park, S.G., Schimmel, P., and Kim, S. (2008). Aminoacyl tRNA synthetases and their 
connections to disease. Proc. Natl. Acad. Sci. U. S. A. 105, 11043–11049. 
Parker, J. (1989). Errors and Alternatives in Reading the Universal Genetic Code. Microbiol. 
Rev. 53, 273–298. 
Pérez-Gil, J. (2008). Structure of pulmonary surfactant membranes and films: The role of 
proteins and lipid–protein interactions. Biochim. Biophys. Acta - Biomembr. 1778, 1676–
1695. 
Petschnigg, J., Wolinski, H., Kolb, D., Zellnig, G., Kurat, C.F., Natter, K., and Kohlwein, S.D. 
(2009). Good fat, essential cellular requirements for triacylglycerol synthesis to maintain 
membrane homeostasis in yeast. J. Biol. Chem. 284, 30981–30993. 
Pfaffl, M.W. (2001). A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Res. 29, e45. 
Pfeiffer, K., Gohil, V., Stuart, R.A., Hunte, C., Brandt, U., Greenberg, M.L., and Sch??gger, 
H. (2003). Cardiolipin Stabilizes Respiratory Chain Supercomplexes. J. Biol. Chem. 278, 
52873–52880. 
Pineau, L., Colas, J., Dupont, S., Beney, L., Fleurat-Lessard, P., Berjeaud, J.-M., Bergès, 
T., and Ferreira, T. (2009). Lipid-induced ER stress: synergistic effects of sterols and 
saturated fatty acids. Traffic 10, 673–690. 
Pouplana, L.R. de, Santos, M.A.S., Zhu, J.-H., Farabaugh, P.J., and Javid, B. (2014). 
Protein mistranslation: friend or foe? Trends Biochem. Sci. 
Puntoni, M., Sbrana, F., Bigazzi, F., and Sampietro, T. (2012). Tangier Disease. Am. J. 
Cardiovasc. Drugs 12, 303–311. 
Qi, J., Wijeratne, A.J., Tomsho, L.P., Hu, Y., Schuster, S.C., Ma, H., Roeder, G., Zickler, 
D., Kleckner, N., Ma, H., et al. (2009). Characterization of meiotic crossovers and gene 






Rajakumari, S., and Daum, G. (2010a). Janus-faced enzymes yeast Tgl3p and Tgl5p 
catalyze lipase and acyltransferase reactions. Mol. Biol. Cell 21, 501–510. 
Rajakumari, S., and Daum, G. (2010b). Multiple functions as lipase, steryl ester hydrolase, 
phospholipase, and acyltransferase of Tgl4p from the yeast Saccharomyces cerevisiae. J. 
Biol. Chem. 285, 15769–15776. 
Rajakumari, S., Grillitsch, K., and Daum, G. (2008). Synthesis and turnover of non-polar 
lipids in yeast. Prog. Lipid Res. 47, 157–171. 
Resh, M.D. (2016). Fatty Acylation of Proteins: The Long and the Short of it. Prog. Lipid 
Res. 
Reverendo, M., Soares, A.R., Pereira, P.M., Carreto, L., Ferreira, V., Gatti, E., Pierre, P., 
Moura, G.R., and Santos, M.A. (2014). TRNA mutations that affect decoding fidelity 
deregulate development and the proteostasis network in zebrafish. RNA Biol. 11, 1199–
1213. 
Reynolds, N.M., Lazazzera, B.A., and Ibba, M. (2010). Cellular mechanisms that control 
mistranslation. Nat. Rev. Microbiol. 8, 849–856. 
Riekhof, W.R., Wu, J., Jones, J.L., and Voelker, D.R. (2007). Identification and 
characterization of the major lysophosphatidylethanolamine acyltransferase in 
Saccharomyces cerevisiae. J. Biol. Chem. 282, 28344–28352. 
Riley, L.G., Cooper, S., Hickey, P., Rudinger-Thirion, J., McKenzie, M., Compton, A., Lim, 
S.C., Thorburn, D., Ryan, M.T., Giegé, R., et al. (2010). Mutation of the mitochondrial 
tyrosyl-tRNA synthetase gene, YARS2, causes myopathy, lactic acidosis, and sideroblastic 
anemia - MLASA syndrome. Am. J. Hum. Genet. 87, 52–59. 
Rizzo, W.B. (2007). Sjögren–Larsson syndrome: Molecular genetics and biochemical 
pathogenesis of fatty aldehyde dehydrogenase deficiency. Mol. Genet. Metab. 90, 1–9. 
Ruan, B., Palioura, S., Sabina, J., Marvin-Guy, L., Kochhar, S., Larossa, R.A., and Söll, D. 
(2008). Quality control despite mistranslation caused by an ambiguous genetic code. Proc. 
Natl. Acad. Sci. U. S. A. 105, 16502–16507. 
Sandager, L., Gustavsson, M.H., Ståhl, U., Dahlqvist, A., Wiberg, E., Banas, A., Lenman, 
M., Ronne, H., and Stymne, S. (2002). Storage lipid synthesis is non-essential in yeast. J. 
Biol. Chem. 277, 6478–6482. 
Santos, M.A.S., Perreau, V.M., and Tuite, M.F. (1996). Transfer RNA structural change is 
a key element in the reassignment of the CUG codon in Candida albicans. Embo J. 15, 
5060–5068. 
Santos, M.A.S., Cheesman, C., Costa, V., Moradas-Ferreira, P., and Tuite, M.F. (1999). 
Selective advantages created by codon ambiguity allowed for the evolution of an alternative 
genetic code in Candida spp. Mol. Microbiol. 31, 937–947. 
Sasarman, F., Nishimura, T., Thiffault, I., and Shoubridge, E.A. (2012). A novel mutation in 






Scannell, D.R., Zill, O.A., Rokas, A., Payen, C., Dunham, M.J., Eisen, M.B., Rine, J., 
Johnston, M., and Hittinger, C.T. (2011). The Awesome Power of Yeast Evolutionary 
Genetics: New Genome Sequences and Strain Resources for the Saccharomyces sensu 
stricto Genus. G3 (Bethesda). 1, 11–25. 
Schauss, A.C., Bewersdorf, J., and Jakobs, S. (2006). Fis1p and Caf4p, but not Mdv1p, 
determine the polar localization of Dnm1p clusters on the mitochondrial surface. J. Cell Sci. 
119, 3098–3106. 
Schink, K.O., Raiborg, C., and Stenmark, H. (2013). Phosphatidylinositol 3-phosphate, a 
lipid that regulates membrane dynamics, protein sorting and cell signalling. BioEssays 35, 
900–912. 
Schlame, M., and Ren, M. (2006). Barth syndrome, a human disorder of cardiolipin 
metabolism. FEBS Lett. 580, 5450–5455. 
Schneider-Poetsch, T., Usui, T., Kaida, D., and Yoshida, M. (2010). Garbled messages and 
corrupted translations. Nat. Chem. Biol. 6, 189–198. 
Schneiter, R., Brügger, B., Sandhoff, R., Zellnig, G., Leber, A., Lampl, M., Athenstaedt, K., 
Hrastnik, C., Eder, S., Daum, G., et al. (1999). Electrospray ionization tandem mass 
spectrometry (ESI-MS/MS) analysis of the lipid molecular species composition of yeast 
subcellular membranes reveals acyl chain-based sorting/remodeling of distinct molecular 
species en route to the plasma membrane. J. Cell Biol. 146, 741–754. 
Schuck, S., Prinz, W.A., Thorn, K.S., Voss, C., and Walter, P. (2009). Membrane expansion 
alleviates endoplasmic reticulum stress independently of the unfolded protein response. J. 
Cell Biol. 187, 525–536. 
Schwall, C.T., Greenwood, V.L., and Alder, N.N. (2012). The stability and activity of 
respiratory Complex II is cardiolipin-dependent. Biochim. Biophys. Acta - Bioenerg. 1817, 
1588–1596. 
Schweiger, M., Lass, A., Zimmermann, R., Eichmann, T.O., and Zechner, R. (2009). Neutral 
lipid storage disease: genetic disorders caused by mutations in adipose triglyceride 
lipase/PNPLA2 or CGI-58/ABHD5. Am. J. Physiol. - Endocrinol. Metab. 297. 
Sedlák, E., and Robinson, N.C. (1999). Phospholipase A2 digestion of cardiolipin bound to 
bovine cytochrome c oxidase alters both activity and quaternary structure. Biochemistry 38, 
14966–14972. 
Sena, L.A., and Chandel, N.S. (2012). Physiological roles of mitochondrial reactive oxygen 
species. Mol. Cell 48, 158–166. 
Shadel, G.S., and Horvath, T.L. (2015). Mitochondrial ROS Signaling in Organismal 
Homeostasis. Cell 163, 560–569. 
Sharpley, M.S., Shannon, R.J., Draghi, F., and Hirst, J. (2006). Interactions between 
phospholipids and NADH:ubiquinone oxidoreductase (complex I) from bovine mitochondria. 
Biochemistry 45, 241–248. 
Sheng, X., Yung, Y.C., Chen, A., and Chun, J. (2015). Lysophosphatidic acid signalling in 





Shental-Bechor, D., and Levy, Y. (2008). Effect of glycosylation on protein folding: A close 
look at thermodynamic stabilization. Proc. Natl. Acad. Sci. 105, 8256–8261. 
Shenton, D., Smirnova, J.B., Selley, J.N., Carroll, K., Hubbard, S.J., Pavitt, G.D., Ashe, 
M.P., and Grant, C.M. (2006). Global translational responses to oxidative stress impact 
upon multiple levels of protein synthesis. J. Biol. Chem. 281, 29011–29021. 
Shinitzky, M., and Barenholz, Y. (1978). Fluidity parameters of lipid regions determined by 
fluorescence polarization. Biochim. Biophys. Acta (BBA)-Reviews Biomembr. 515, 367–
394. 
Shinzawa-Itoh, K., Aoyama, H., Muramoto, K., Terada, H., Kurauchi, T., Tadehara, Y., 
Yamasaki, A., Sugimura, T., Kurono, S., Tsujimoto, K., et al. (2007). Structures and 
physiological roles of 13 integral lipids of bovine heart cytochrome c oxidase. EMBO J. 26, 
1713–1725. 
Shoffner, J.M., Lott, M.T., Lezza, A.M., Seibel, P., Ballinger, S.W., and Wallace, D.C. 
(1990). Myoclonic epilepsy and ragged-red fiber disease (MERRF) is associated with a 
mitochondrial DNA tRNA(Lys) mutation. Cell 61, 931–937. 
Shulga, Y. V., Anderson, R.A., Topham, M.K., and Epand, R.M. (2012). 
Phosphatidylinositol-4-phosphate 5-kinase isoforms exhibit acyl chain selectivity for both 
substrate and lipid activator. J. Biol. Chem. 287, 35953–35963. 
Signorell, A., Jelk, J., Rauch, M., and Bütikofer, P. (2008). Phosphatidylethanolamine is the 
precursor of the ethanolamine phosphoglycerol moiety bound to eukaryotic elongation 
factor 1A. J. Biol. Chem. 283, 20320–20329. 
Silva, R.M., Paredes, J.A., Moura, G.R., Manadas, B., Lima-Costa, T., Rocha, R., Miranda, 
I., Gomes, A.C., Koerkamp, M.J.G., Perrot, M., et al. (2007). Critical roles for a genetic code 
alteration in the evolution of the genus Candida. EMBO J. 26, 4555–4565. 
Silva, R.M., Duarte, I.C.N., Paredes, J.A., Lima-Costa, T., Perrot, M., Boucherie, H., 
Goodfellow, B.J., Gomes, A.C., Mateus, D.D., Moura, G.R., et al. (2009). The Yeast PNC1 
Longevity Gene Is Up-Regulated by mRNA Mistranslation. PLoS One 4. 
Silvestri, G., Moraes, C.T., Shanske, S., Oh, S.J., and DiMauro, S. (1992). A new mtDNA 
mutation in the tRNA(Lys) gene associated with myoclonic epilepsy and ragged-red fibers 
(MERRF). Am. J. Hum. Genet. 51, 1213–1217. 
Simões, J.M.S. (2013). Phenotypic consequences of genome mistranslation in Candida 
albicans. Thesis. University of Aveiro. 
Simões, J., Bezerra, A.R., Moura, G.R., Araújo, H., Gut, I., Bayes, M., and Santos, M.A.S. 
(2016). The Fungus Candida albicans Tolerates Ambiguity at Multiple Codons. Front. 
Microbiol. 7, 401. 
Singh, A., and Del Poeta, M. (2011). Lipid signalling in pathogenic fungi. Cell. Microbiol. 13, 
177–185. 
De Smet, C.H., Vittone, E., Scherer, M., Houweling, M., Liebisch, G., Brouwers, J.F., and 
de Kroon, A.I.P.M. (2012). The yeast acyltransferase Sct1p regulates fatty acid desaturation 





De Smet, C.H., Cox, R., Brouwers, J.F., and de Kroon, A.I.P.M. (2013). Yeast cells 
accumulate excess endogenous palmitate in phosphatidylcholine by acyl chain remodeling 
involving the phospholipase B Plb1p. Biochim. Biophys. Acta 1831, 1167–1176. 
Sorger, D., and Daum, G. (2002). Synthesis of triacylglycerols by the acyl-coenzyme 
A:diacyl-glycerol acyltransferase Dga1p in lipid particles of the yeast Saccharomyces 
cerevisiae. J. Bacteriol. 184, 519–524. 
Sorger, D., Athenstaedt, K., Hrastnik, C., and Daum, G. (2004). A yeast strain lacking lipid 
particles bears a defect in ergosterol formation. J. Biol. Chem. 279, 31190–31196. 
Stansfield, I., Jones, K.M., Herbert, P., Lewendon, A., Shaw, W. V, and Tuite, M.F. (1998). 
Missense translation errors in Saccharomyces cerevisiae. J. Mol. Biol. 282, 13–24. 
Stothard, P. (2000). The sequence manipulation suite: JavaScript programs for analyzing 
and formatting protein and DNA sequences. Biotechniques 28, 1102, 1104. 
Stuart, R.A. (2008). Supercomplex organization of the oxidative phosphorylation enzymes 
in yeast mitochondria. J. Bioenerg. Biomembr. 40, 411–417. 
Suomi, F., Menger, K.E., Monteuuis, G., Naumann, U., Kursu, V.A.S., Shvetsova, A., 
Kastaniotis, A.J., Schonauer, M., Kastaniotis, A., Hiltunen, J., et al. (2014). Expression and 
Evolution of the Non-Canonically Translated Yeast Mitochondrial Acetyl-CoA Carboxylase 
Hfa1p. PLoS One 9, e114738. 
Suzuki, T., Nagao, A., and Suzuki, T. (2011). Human Mitochondrial tRNAs: Biogenesis, 
Function, Structural Aspects, and Diseases. Annu. Rev. Genet. 45, 299–329. 
Swairjo, M.A., Otero, F.J., Yang, X.-L., Lovato, M.A., Skene, R.J., McRee, D.E., de 
Pouplana, L.R., and Schimmel, P. (2004). Alanyl-tRNA Synthetase Crystal Structure and 
Design for Acceptor-Stem Recognition. Mol. Cell 13, 829–841. 
Tahara, E.B., Barros, M.H., Oliveira, G.A., Netto, L.E.S., and Kowaltowski, A.J. (2007). 
Dihydrolipoyl dehydrogenase as a source of reactive oxygen species inhibited by caloric 
restriction and involved in Saccharomyces cerevisiae aging. FASEB J. 21, 274–283. 
Takahashi, M., Okazaki, H., Ogata, Y., Takeuchi, K., Ikeda, U., Shimada, K., Buja, L.M., 
Eigenbrodt, M.L., Eigenbrodt, E.H., White, E., et al. (2002). Lysophosphatidylcholine 
induces apoptosis in human endothelial cells through a p38-mitogen-activated protein 
kinase-dependent mechanism. Atherosclerosis 161, 387–394. 
Tanaka, K., Fukuda, R., Ono, Y., Eguchi, H., Nagasawa, S., Nakatani, Y., Watanabe, H., 
Nakanishi, H., Taguchi, R., and Ohta, A. (2008). Incorporation and remodeling of 
extracellular phosphatidylcholine with short acyl residues in Saccharomyces cerevisiae. 
Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1781, 391–399. 
Tarun  Jr., S.Z., and Sachs, A.B. (1996). Association of the yeast poly(A) tail binding protein 
with translation initiation factor eIF-4G. Embo J. 15, 7168–7177. 
Tesson, C., Nawara, M., Salih, M.A.M., Rossignol, R., Zaki, M.S., Al Balwi, M., Schule, R., 
Mignot, C., Obre, E., Bouhouche, A., et al. (2012). Alteration of Fatty-Acid-Metabolizing 
Enzymes Affects Mitochondrial Form and Function in Hereditary Spastic Paraplegia. Am. J. 





Teunissen, A.W.R.H., and Steensma, H.Y. (1995). The dominant flocculation genes of 
Saccharomyces cerevisiae constitute a new subtelomeric gene family. Yeast 11, 1001–
1013. 
Toke, D.A., and Martin, C.E. (1996). Isolation and Characterization of a Gene Affecting Fatty 
Acid Elongation in Saccharomyces cerevisiae. J. Biol. Chem. 271, 18413–18422. 
Tran, U.C., and Clarke, C.F. (2007). Endogenous synthesis of coenzyme Q in eukaryotes. 
Mitochondrion 7 Suppl, S62-71. 
Travers, K.J., Patil, C.K., Wodicka, L., Lockhart, D.J., Weissman, J.S., and Walter, P. 
(2000). Functional and genomic analyses reveal an essential coordination between the 
unfolded protein response and ER-associated degradation. Cell 101, 249–258. 
Tuller, G., Nemec, T., Hrastnik, C., and Daum, G. (1999). Lipid composition of subcellular 
membranes of an FY1679-derived haploid yeast wild-type strain grown on different carbon 
sources. Yeast 15, 1555–1564. 
Vance, J.E., and Tasseva, G. (2013). Formation and function of phosphatidylserine and 
phosphatidylethanolamine in mammalian cells. Biochim. Biophys. Acta - Mol. Cell Biol. 
Lipids 1831, 543–554. 
Vasil’eva, I., and Moor, N. (2007). Interaction of aminoacyl-tRNA synthetases with tRNA: 
General principles and distinguishing characteristics of the high-molecular-weight substrate 
recognition. Biochem. 
Verostek, M.F., Atkinson, P.H., and Trimble, R.B. (1993). Glycoprotein biosynthesis in the 
alg3 Saccharomyces cerevisiae mutant. I. Role of glucose in the initial glycosylation of 
invertase in the endoplasmic reticulum. J. Biol. Chem. 268, 12095–12103. 
Vicinanza, M., D’Angelo, G., Di Campli, A., De Matteis, M.A., Aoyagi, K., Sugaya, T., 
Umeda, M., Yamamoto, S., Terakawa, S., Takahashi, M., et al. (2008). Function and 
dysfunction of the PI system in membrane trafficking. EMBO J. 27, 2457–2470. 
Volmer, R., and Ron, D. (2015). Lipid-dependent regulation of the unfolded protein 
response. Curr. Opin. Cell Biol. 33, 67–73. 
Volmer, R., van der Ploeg, K., and Ron, D. (2013). Membrane lipid saturation activates 
endoplasmic reticulum unfolded protein response transducers through their transmembrane 
domains. Proc. Natl. Acad. Sci. U. S. A. 110, 4628–4633. 
Wada, H., Shintani, D., and Ohlrogge, J. (1997). Why do mitochondria synthesize fatty 
acids? Evidence for involvement in lipoic acid production. Proc. Natl. Acad. Sci. U. S. A. 94, 
1591–1596. 
Walther, D.M., Papic, D., Bos, M.P., Tommassen, J., and Rapaport, D. (2009). Signals in 
bacterial beta-barrel proteins are functional in eukaryotic cells for targeting to and assembly 
in mitochondria. Proc. Natl. Acad. Sci. U. S. A. 106, 2531–2536. 
Wang, X., Devaiah, S.P., Zhang, W., and Welti, R. (2006). Signaling functions of 
phosphatidic acid. Prog. Lipid Res. 45, 250–278. 





of phospholipids in respiratory cytochrome bc1 complex catalysis and supercomplex 
formation. Biochim. Biophys. Acta 1787, 609–616. 
Wolff, S. (1994). 18] Ferrous ion oxidation in presence of ferric ion indicator xylenol orange 
for measurement of hydroperoxides. Methods Enzymol. 
Yacoubi, B. El (2012). Biosynthesis and function of posttranscriptional modifications of 
transfer RNAs. Annu. Rev. Genet. 46, 69–95. 
Yadav, P.K., and Rajasekharan, R. (2016). Misregulation of a DDHD Domain-containing 
Lipase Causes Mitochondrial Dysfunction in Yeast. J. Biol. Chem. 291, 18562–18581. 
Yamashita, A., Hayashi, Y., Nemoto-Sasaki, Y., Ito, M., Oka, S., Tanikawa, T., Waku, K., 
and Sugiura, T. (2014). Acyltransferases and transacylases that determine the fatty acid 
composition of glycerolipids and the metabolism of bioactive lipid mediators in mammalian 
cells and model organisms. Prog. Lipid Res. 53, 18–81. 
Yang, H.-J., Sugiura, Y., Ikegami, K., Konishi, Y., and Setou, M. (2012). Axonal gradient of 
arachidonic acid-containing phosphatidylcholine and its dependence on actin dynamics. J. 
Biol. Chem. 287, 5290–5300. 
Young, D.J., Guydosh, N.R., Zhang, F., Hinnebusch, A.G., and Green, R. (2015). 
Rli1/ABCE1 Recycles Terminating Ribosomes and Controls Translation Reinitiation in 
3′UTRs In Vivo. Cell 162, 872–884. 
Zhang, K., Kniazeva, M., Han, M., Li, W., Yu, Z., Yang, Z., Li, Y., Metzker, M.L., Allikmets, 
R., Zack, D.J., et al. (2001). A 5-bp deletion in ELOVL4 is associated with two related forms 
of autosomal dominant macular dystrophy. Nat. Genet. 27, 89–93. 
Zhang, M., Mileykovskaya, E., and Dowhan, W. (2002). Gluing the respiratory chain 
together. Cardiolipin is required for supercomplex formation in the inner mitochondrial 
membrane. J. Biol. Chem. 277, 43553–43556. 
Zhang, M., Mileykovskaya, E., and Dowhan, W. (2005). Cardiolipin is essential for 
organization of complexes III and IV into a supercomplex in intact yeast mitochondria. J. 
Biol. Chem. 280, 29403–29408. 
Zhang, S., Garfinkel, D.J., Burkett, T.J., Yamashita, I., and Garfinkel, D.J. (1997). Genetic 
redundancy between SPT23 and MGA2: regulators of Ty-induced mutations and Ty1 
transcription in Saccharomyces cerevisiae. Mol. Cell. Biol. 17, 4718–4729. 
Zhang, S., Skalsky, Y., and Garfinkel, D.J. (1999). MGA2 or SPT23 is required for 
transcription of the delta9 fatty acid desaturase gene, OLE1, and nuclear membrane 
integrity in Saccharomyces cerevisiae. Genetics 151, 473–483. 
 
